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Abstract 

Elucidating the molecular events underlying endosperm and embryo 

development in angiosperms are important both in terms of understanding plant 

development and developing new methods to enhance crop productivity. Seeds 

arguably undergo one of the most complex developmental programs of any plant 

organ, and are therefore subject to many gene regulatory mechanisms. In recent 

years, it has become clear that various classes of noncoding ribonucleic acid 

(ncRNA) and covalent histone modifications have important roles in gene 

regulation. Of these ncRNAs, small RNAs (20 to 25 nucleotides) are beginning to 

be understood; however, less is known about the role and complexity of long 

noncoding RNAs (lncRNAs). Here, we detail the methodology for purifying 

specific cell types, RNA sequencing, bioinformatic annotation of lncRNAs and 

investigation of biological function, using the reference plant Arabidopsis thaliana. 

We also detail methodology for highly reproducible bisulfite treatment of RNA, 

efficient locus-specific PCR amplification, detection of 5-methycytosine that 

includes sequencing on the Illumina MiSeq platform and bioinformatic calling of 

converted and non-converted cytosines. 

Next, we investigated the contribution of transposable elements (TEs) to long 

intergenic noncoding RNAs (lincRNAs) during plant development and abiotic 

stress tolerance. Using deep Illumina sequencing, we identified 47, 611 and 398 

TE-associated lincRNAs (TE-lincRNAs) from Arabidopsis, rice and maize, 

respectively. We demonstrated that some of these TE-lincRNAs were tissue 

specifically transcribed and others were expressed after salt, abscisic acid (ABA) 

or cold treatments. After identification and characterization of about 50 TE-

lincRNA mutants, the mutant TE-linc11195 was identified as having less 

sensitivity to ABA. The TE-linc11195 mutant had longer roots and higher shoot 

mass when compared with wildtype in the presence of ABA. Our data suggest 

that TE-lincRNAs might be a promising reservoir to adapt to changing 

environmental conditions. 

We also explored the potential roles of lncRNAs in regulating epigenetic 

modifications deposited by the Polycomb Repressive Complex 2 (PRC2) 
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complex. We immunoprecipitated PRC2-associated lncRNAs and sequenced the 

bound RNAs by Illumina sequencing. We validated the expression of these 

PRC2-associated lncRNAs by strand-specific reverse transcription polymerase 

chain reaction (RT-PCR), and computationally predicted their functions in seed 

development by association with H3K27me3-targeted (PRC2) genes. 

Interestingly, the data also showed that G-tract motifs (G2L1-4) are significantly 

enriched among PRC2-binding transcripts. This dataset provides an initial insight 

into PRC2-associated RNAs and may contribute towards understanding PRC2 

function. 

Further, we identified 615 lncRNAs from Arabidopsis thaliana one day after 

pollination (DAP) of siliques using high-throughput Illumina sequencing. Next, we 

showed that some of these lncRNAs could be transcribed in an organ-specific 

manner or more broadly transcribed in root, flower and silique organs. Among the 

broadly transcribed lncRNAs, some were differentially abundant, while others 

were similarly abundant across all three tissue types. We also investigated the 

function of 42 lncRNAs by using either artificial microRNAs or RNAi to knockdown 

the targets. Of these, the knockdown plants of lnc1246 were observed to have 

smaller cells and organs in all tested tissues: roots, cotyledons and seeds. We 

also demonstrated with open reading frame analysis that LNCRNA_1246 was 

unlikely to encode for a functional protein. Functional analysis using a recessive 

lnc1246 mutant allele and reciprocal crosses demonstrated that LNCRNA_1246 

acted maternally to reduce seed size. This could be a result of smaller cells within 

the outer integument layer and a smaller integument. Together, our results 

demonstrate that lncRNAs are broadly transcribed and at least one plays an 

important role in seed size. 

Overall, this thesis focuses on the genome-wide identification and 

characterization of lncRNAs from A. thaliana 1DAP silique and the possible 

functions of lncRNAs in plant development by interacting with their partners, such 

as TEs and FIS2–PRC2 complexes. It also illustrates the potential effects of 

lncRNAs on diverse biological processes during plant evolution. 
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Chapter 1: Introduction 

In modern Western societies, seeds such as cereal grains, oilseeds and legumes 

serve as important sources of carbohydrates, lipids and proteins (Venglat et al., 

2014). Reliance on a limited number of crops could lead to problems with global 

food production and security because of over-population, climate change and 

other adverse factors (Beddington, 2010). Therefore, we need more progressive 

improvements in both breeding methods and ways of exploiting crop germplasm 

resources to produce new related traits with special characteristics such as 

increased crop productivity, bigger seed size, higher nutrition quality or better 

resistance to environmental stressors. Because important factors controlling 

seed traits relate to gene expression and regulation, this project concentrates on 

the epigenetic mechanisms that regulate seed size in Arabidopsis thaliana 

through the regulation of endosperm development. 

1.1 Introduction to the Model Plant Arabidopsis thaliana 

Arabidopsis thaliana is a small, self-fertilizing plant of the Brassicaceae that 

requires simple growth conditions and produces thousands of seeds in a short 

generation time of six weeks; significantly, its small genome has been fully 

sequenced (Somerville and Koornneef, 2002). In addition, Arabidopsis ecotypes 

vary in many morphological and physiological traits that provide a useful resource 

for identifying the molecular basis of complex traits by exploiting the 

polymorphisms in nucleotide sequences and epigenetic variation. Through The 

Arabidopsis Information Resource (TAIR) website, Arabidopsis researchers can 

obtain information about protein-coding and noncoding genes, markers, clones 

and nucleotide polymorphisms, and can access DNA and seed stocks (Garcia-

Hernandez and Reiser, 2002). In this project, I used Arabidopsis as a model 

representative flowering plan to study seed development. 

1.2 Arabidopsis thaliana Seed Development 

Earth’s land is mostly covered by plants, of which three-quarters are flowering 

plants (angiosperms). Over the course of evolution, angiosperms have developed 
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a wonderful reproductive strategy in which the embryo is protected and supplied 

with nutrients during germination. A typical seed structure includes three main 

parts: the embryo, endosperm and seed coat. Although there is a significant 

difference in the storage component between seeds of monocots and dicots—

which have an endosperm and embryo respectively—the seed developmental 

program, which includes fertilization and embryo and endosperm development, 

is conserved (Mosher and Melnyk, 2010; Venglat et al., 2014). 

Seed development involves a complicated interplay between the embryo, 

endosperm and seed coat that is activated by double fertilization. Double 

fertilization is a process in which one pollen sperm cell fertilizes a haploid egg, 

forming a diploid embryo and the other sperm fertilizes a homodiploid central cell 

of the ovule, forming a triploid endosperm (Hamamura et al., 2012). The embryo 

and endosperm are protected by inner and outer integuments of the ovule (Fig. 

1 below). As a result of double fertilization, genome dosage in the early stage of 

seed development differs. 

 

Figure 1. Overview of double fertilization. During gametogenesis, the maternal spore undergoes 

several mitotic rounds to form the haploid egg cell (EC) and the homodiploid central cell (CC) in 

the ovule; while two sperm cells (SC) are formed in the paternal spore from the generative cell 

(GC), which is engulfed by the vegetative cell (VC). Fertilization is initiated when the growing 

pollen tube bursts near the ovule, where one sperm cell fertilizes an egg cell to form fertilized egg 

cell (fEC) developing into the diploid embryo, and the other sperm cell fertilizes the central cell to 

form the fertilized central cell (fCC) growing to a triploid endosperm (Mosher and Melnyk, 2010).  

Double fertilization is followed by a morphogenetic phase during which the zygote 

and endosperm are genetically programmed to form the embryonic body plan 
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and nutritive tissue, respectively (Fig. 1). This is followed by a maturation phase 

during which the seed accumulates nutrients such as carbohydrates, lipids, 

proteins and several important nutrients including vitamins and minerals (Fig. 2). 

The seed finally desiccates and enters the dormancy phase of angiosperms 

(Jenik et al., 2007; Sreenivasulu and Wobus, 2013). 

1.2.1 Embryo development in Arabidopsis thaliana 

Fusion of haploid sperm and egg cells produces a diploid zygote that then 

undergoes cell division and differentiation to produce a suspensor (cylindrical 

structure) during the pre-global embryo stage. The terminal suspensor cell 

undergoes further cell divisions and differentiation to produce a global and then 

a heart stage embryo. At this stage the plant body plan is defined and consists of 

cotyledons, hypocotyl and root and shoot meristems (see Fig. 2 and Table 1 for 

a summary). 

 

Figure 2. Overview of the major stages of embryo development in Brassica. Inside the ovule 

integuments, initially endosperm development occurs to support the developing embryo; in 

parallel the zygote divides to form the suspensor, then the global embryo and later the heart stage 

embryo that defines the embryonic body plan. Metabolic programs to synthesize and later store 

the necessary nutrients for seed maturation are expressed (Venglat et al., 2014). 

Genetic screens in A. thaliana have identified genes required for embryogenesis, 

which include LEAFY COTYLEDON2 (LEC2) a transcription factor required to 
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induce embryo development; GNOM, which encodes a guanine nucleotide 

exchange factor mediating subunit interaction with cyclophilin 5; SHOOT 

MERISTEMLESS (STM), which is required for shoot apical meristem function; 

MONOPTEROS, a transcription factor that plays a mediator role in embryo 

formation and vascular development; and FACKEL, which functions in cell 

division and expansion (Allan and Abed, 2002). These genetic studies have laid 

the foundation of a genetic framework for embryogenesis. Recent cell-specific 

transcriptional profiling (Palovaara et al., 2018) has elegantly increased our 

knowledge of the spatial transcriptional networks compared with previous 

datasets (Harada et al., 2010; Radoeva et al., 2016). 

Interestingly, early embryo development requires a signal from the endosperm. 

Using reverse genetics and biochemical approaches it has been demonstrated 

that a peptide signal, EMBRYO SURROUNDING FACTOR 1 (ESF1), 

accumulates in the central cell and embryo-surrounding endosperm cells to act 

in a non-cell autonomous manner to promote suspensor elongation in the YODA 

mitogene-activated protein kinase pathway (Costa et al., 2014). Later embryo 

development is also strongly influenced by endosperm-derived nutrients and the 

exchange of signal molecules between endosperm and embryo (see Section 

1.3). 

1.2.2 Endosperm development in Arabidopsis thaliana 

The endosperm is one of three components of a typical seed and plays a critical 

role in seed development, where it functions to nourish the embryo. According to 

Berger (1999), endosperm development can be divided into four phases: 

syncytial, cellularization, differentiation and programmed cell death. However, the 

duration of each phase differs between species and there is overlap between 

each phase (Berger, 1999). 

In Arabidopsis, there are two distinct phases during endosperm development: the 

syncytial phase and the cellularized phase (Berger, 2003; Li and Berger, 2012). 

During the syncytial stage, the triploid zygotic nucleus successfully carries out 

hundreds of mitotic divisions without cytokinesis, producing a large cell containing 

many hundreds of nuclei. The latter stage is the cellularization stage, which is 
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initiated at the heart stage of embryogenesis and is characterized by a cell wall 

being formed between two close nuclei; cellularization occurs from the micropylar 

endosperm to peripheral endosperm, but not in the chalazal endosperm, which 

remains in the syncytial endosperm until seed maturation (Boisnard-Lorig et al., 

2001; Costa et al., 2004) (see Figure 3 and Table 1 for summary). Notably, the 

molecular trigger for endosperm cellularization is unknown. 

 

Figure 3. Endosperm development in Arabidopsis. The first stage is syncytium (blue); the cell 

undergoes mitosis without cytokinesis, resulting in a large cell with many hundreds of nuclei. The 

second stage, cellularization (green), includes the cytokinesis events (A–anterior pole; P–

posterior pole; Z- zygote; EZ-endosperm zygote; S-synergid; yellow domain: micropylar 

endosperm; orange domain: peripheral endosperm; pink domain: chalazal endosperm) (Berger, 

2003). 
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Table 1. Summary of endosperm development in Arabidopsis (Boisnard-

Lorig et al., 2001) 

 

 

1.3 Embryo Development is Influenced by Endosperm 

Developmental Transitions 

It is clear that after fertilization, the synchronous division of the endosperm 

nucleus in the syncytial phase, together with integument cell proliferation and 

elongation, leads to a rapid increase in seed size (Li and Berger, 2012). After the 

syncytial phase, endosperm cellularization occurs and is followed by embryo 

growth utilizing the nutrients from the endosperm. The growing embryo invades 

the former endosperm volume (Fig. 4a&4b). 
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Figure 4. Embryo survival is dependent on endosperm cellularization. Nutrients (sucrose in this 

case) are transferred from the mother to the embryo throug the integument and endosperm (SC: 

seed coat, CV: central vacuole, Suc: sucrose, black circles: nuclei, red bars: sucrose 

transporters). (a) In young seeds, the vacuole makes up the largest proportion of the endosperm, 

which is surrounded by a thin layer of the syncytium cytoplasm. Sucrose is transferred quickly 

into the vacuole through the integument and the thin syncytium cytoplasm. The embryo may 

obtain sucrose via the suspensor or surrounding endosperm via the suspensor. (b) At a later 

stage, cellularization causes the vacuole to shrink and decreases sucrose transport to the 

vacuole. Sucrose is transferred directly from the endosperm to the embryo through the sucrose 

transporters, which are expressed on the cell of the embryo-surrounding region and the embryo 

epidermis. The suspensor is degraded. (c) In case of a defect in endosperm cellularization, the 

endosperm is still occupied by the central vacuole at later stages of seed development. 

Consequently, the sucrose is maintained in the central vacuole but the sucrose supply for the 

embryo is reduced, causing reduced embryo growth and death (Lafon-Placette and Köhler, 2014). 

Endosperm cellularization has been shown to be important for embryo viability. 

For example, mutation in endosperm-specific FERTILIZATION-INDEPENDENT 

SEED 2 - POLYCOMB RECESSIVE COMPLEX 2 (FIS2-PRC2) leads to aborted 

seeds that fail to undergo endosperm cellularization and contain embryos 

arrested at the heart stage of development (Fig. 4c) (Chaudhury et al., 1997). 

Embryo development is also affected by perturbations in endosperm 

development. For example, the endosperm defective 1 (ede1) mutant causes 

failure of endosperm cellularization, leading to defects in embryo and overall seed 

development (Hehenberger et al., 2012). An extensive list of mutations affecting 

endosperm and seed development is provided in Appendices. Moreover, 

endosperm cellularization shrinks the large central vacuole, which is the major 

storage compartment for hexoses in the seed and determines sink strength 
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during early seed development by rapidly converting imported sucrose into 

hexoses, likely mediated by activity of vacuole-localized invertases (Morley-Smith 

et al., 2008; Hehenberger et al., 2012; Lafon-Placette and Köhler, 2014). Hence, 

endosperm cellularization will cause a reduction of sink strength of the central 

vacuole, which might be a signal allowing the embryo to establish itself as the 

major sink in the seed. This is consistent with studies that demonstrated that rapid 

embryo growth and storage product accumulation starts only after endosperm 

cellularization (Morley-Smith et al., 2008; Baud et al., 2008). Therefore, failure of 

endosperm cellularization might result in an undersupply of sucrose for the 

embryo, as sucrose remains to be transported to the central vacuole. This implies 

that the timing of endosperm cellularization plays an important role in determining 

the final seed size as endosperm cell divisions cease strictly before 

cellularization. In addition, agl62, fis2 and fie mutants affect the timing of 

cellularization, suggesting that these genes play important roles during 

endosperm development (Vinkenoog et al., 2003; Hehenberger et al., 2012). 

Overall, the timing of endosperm cellularization plays an important role in embryo 

viability, which can be explained by a sink–source relationship as well as the 

exchange of signal molecules between endosperm and embryo. 

1.4 Developmental Timing of Endosperm Development is 

Partially Controlled by the Polycomb Group Complex 

Endosperm celllularization is a process that appears at the end of the syncytial 

phase when the nucleus has carried out eight mitotic division, and is 

characterized by the formation of cell walls among nuclei forming individual cells. 

This phenomenon is triggered from the anterior to peripheral domains and does 

not appear in chalazal endosperm, which is thought to have a role in transferring 

maternal nutrients to the embryo (Costa et al., 2004; Li and Berger, 2012). The 

signal to activate endosperm cellularization is proposed by the critical nucleo-

cytoplasmic ratio, based on results from mutants that have fewer cells in the 

endosperm as a result of early cellularization (Li and Berger, 2012). 

Interestingly, in the fis2 mutant, two enzymes—pectinesterase and glycosyl 

hydrolase—were found to be deregulated, which in wild-type degrades the major 
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components of plant cell walls; this might be the underlying cause of endosperm 

cellularization failure in fis mutants (Weinhofer et al., 2010) (Figure 5). 

 

Figure 5. Endosperm development in a fis mutant. The upper bar indicates normal endosperm 

development, which includes two phases: syncytium (blue) and cellularization (green). The lower 

bar indicates endosperm development in the fis mutant, which exhibits only the syncytium phase. 

A–anterior pole; P–posterior pole; Z- zygote; EZ-endosperm zygote; S-synergid; Yellow domain: 

micropylar endosperm; Orange domain: peripheral endosperm; Pink domain: chalazal 

endosperm (Berger, 2003). 

The timing of endosperm cellularization has been shown to correlate with the 

extension of nuclear proliferation and may affect seed size, sink strength and 

grain weight (Kang et al., 2008; Lafon-Placette and Köhler, 2014; Orozco-Arroyo 

et al., 2015). Genetic mutants impaired in endosperm cellularization exhibit 

different effects in their embryo and seed development. For example, the knolle, 

hinkel, open house, runkel and pleiade mutants affect cytokinesis in the embryo 

(Sorensen et al., 2002), while the spätzle and ede1 mutants delay embryo 

development at the heart stage, leading to seed abortion (Sorensen et al., 2002; 

Pignocchi et al., 2009). This shows that endosperm cellularization plays a crucial 

role in embryo and seed development. Recently, based on analysis of those 

mutations, three redundant pathways regulating endosperm cellularization were 

proposed (Kang et al., 2013; Orozco-Arroyo et al., 2015). The first pathway is 

based on the action of APETALA2 and the MADS-box transcription factor AGL62 

(Kang et al., 2008). The second pathway includes members of the polycomb 

group (PcG) proteins and their targets. The third pathway is the IKU pathway, 

which involves the activities of several genes including HAIKU1 (IKU1), HAIKU2 
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(IKU2), SHORT HYPOCOTYL UNDER BLUE1 (SHB1) and MINISEED3 (MINI3). 

These independent networks act as key regulators of endosperm development 

by regulating the timing of endosperm cellularization, with a major effect on final 

seed size. Moreover, the timing of endosperm cellularization is also affected by 

interploidy crosses (increased maternal or paternal genome doses)—which can 

deregulate cellularization—and is thought that the PcG pathways influence 

maternal excess (Hehenberger et al., 2012), while the Polymerase IV (Pol IV)-

dependent epigenetically activated small interfering RNA (easiRNA) pathways 

influence paternal excess (Borges et al., 2018; Martinez et al., 2018). 

PcG proteins are a family of proteins responsible for cellular differentiation during 

development via transcriptional repression (Farrona et al., 2008). PcG protein 

complexes are conserved in plants and animals (Farrona et al., 2008). PcG 

proteins have two important complexes—polycomb repressive complex 1 (PRC1) 

and polycomb repressive complex 2 (PRC2)—that function sequentially to 

repress target genes. PRC2 modifies the chromatin by tri-methylating the lysine 

amino acid residue located at position 27 of the amino-terminal tail of histone H3 

(Simon and Kingston, 2009; Schuettengruber and Cavalli, 2009). The resulting 

repressive histone 3 lysine 27 trimethylation (H3K27me3) modification acts as a 

label to recruit PRC1 (Schuettengruber and Cavalli, 2009). In Arabidopsis, the 

diverse PRC2 subunit homologues probably form at least three different PRC2‐

like complexes with distinct functions: (1) the EMBRYONIC FLOWER (EMF) 

complex includes CURLY LEAF/SWINGER (CLF/SWN), EMBRYONIC FLOWER 

2 (EMF2), FERTILIZATION-INDEPENDENT ENDOSPERM (FIE) and 

MULTICOPY SUPRESSOR OF IRA 1 (MSI1), which have roles in promoting 

vegetative development of the plant and delaying reproduction, as well as 

maintaining cells in a differentiated state (Yoshida et al., 2001; Chanvivattana et 

al., 2004); (2) the VERNALIZATION (VRN) complex consists of CLF/SWN, 

VRN2, FIE and MSI1. VRN has functions in establishing epigenetic silencing after 

vernalization, and enables flowering (Chanvivattana et al., 2004; De Lucia et al., 

2008); (3) the FIS complex includes MEDEA (MEA), FIS2, FIE and MSI1, and 

has been shown to have functions in preventing seed development in the 

absence of fertilization, and is required for normal seed development (Köhler et 

al., 2003; Weinhofer et al., 2010). Moreover, the FIS2–PRC2 complex has been 
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shown to be a key regulator of endosperm development by regulating the timing 

of endosperm cellularization, with a major effect on final seed size (Köhler et al., 

2003; Weinhofer et al., 2010). 

Therefore, studying mechanisms of the PcG pathway that influence the timing of 

endosperm cellularization is very important for understanding underlying 

mechanisms that control seed development as well as seed size. 

1.5 Molecular Mechanisms Controlling Endosperm Gene 

Expression 

Genomic imprinting in mammals and flowering plants is an epigenetic 

phenomenon leading to allele-specific expression depending on the parent of 

origin (Vinkenoog et al., 2003; Feil and Berger, 2007). It has an essential role in 

normal growth and development and has potentially evolved as a mechanism to 

balance parental resource allocation to the offspring (Haig and Westoby, 1989). 

The maternally expressed imprinted genes (MEG) are suggested to reduce 

nutrient flow to the embryo whereas the paternally expressed imprinted genes 

(PEG) promote nutrient flow to the embryo (Haig and Westoby, 1989). Early in 

gametogenesis, the alleles of imprinted genes are differentially modified with one 

or more epigenetic modifications that are maintained in the embryo and 

endosperm after fertilization (Zhang et al., 2013a). The initiating mechanism 

leading to imprinting is poorly understood. These epigenetic modifications often 

reduce transcription levels of the imprinted allele that involves repressive histone 

marks (such as H3k27me3), cytosine DNA methylation and easiRNAs (Kӧhler 

and Weinhofer-Molisch, 2010; Zhang et al., 2013a; Borges et al., 2018; Martinez 

et al., 2018). 

1.5.1 Controlling imprinted genes by DNA methylation 

Studies analyzing the relationship between endosperm development and DNA 

methylation have shown that some methylated CG residues in the embryo are 

demethylated in the endosperm, leading to the demethylation in the endosperm 

being higher than in the embryo (Hsieh et al., 2009; Gehring et al., 2009). 

According to Hsieh et al. (2009), this is caused by the DNA glycosylase 
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DEMETER (DME), because the dme mutant was shown to partially restore DNA 

methylation. In addition, maternally imprinted genes in the vegetative tissue are 

expressed in the endosperm as a result of DNA demethylation (Kӧhler and 

Weinhofer-Molisch, 2010). Based on this hypothesis, a number of imprinted 

genes from the maternal genome have been identified in plants, including 

MEDEA (Choi et al. 2002), FWA (Kinoshita et al., 2004), FIS2 (Jullien et al., 2006) 

and many more (Figure 6-A). 

 

Figure 6. Model to explain the regulation of maternally and paternally expressed genes by DNA 

demethylation, methylation and FIS2–PRC2. In the central cell and endosperm, the activities of 

MET1, CMT3 and de novo DNA methyltransferases are low, but they are high in sperm. A: In the 

central cell, DME enzyme demethylates, leading to gene expression of the maternal allele (m). 
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The paternal allele (p) is methylated and silenced in sperm. For example, genes regulated by this 

mechanism include FIS2 and FWA. B: DNA methylation and FIS2–PRC2 regulate MEGs. DME 

activity in the central cell leads to demethylation and gene expression of the maternal allele. In 

the central cell, the paternal allele is DNA methylated and modified with H3K27met catalysed by 

PRC2 in endosperm. However, DME may only be indirectly involved in imprinting, leaving PRC2 

as the only mechanism. MEA is regulated by this mechanism. Whether the maternal allele is 

modified by H3K27met to modulate expression is unknown. C: DNA methylation and FIS2–PRC2 

regulate PEGs. Using PHE1 as an example, demethylation of the maternal allele by DME activity 

in the central cell leads to subsequent recruitment of PRC2 to the maternal allele, resulting in 

H3K27met and silencing. The paternal allele is DNA methylated and activated in sperm. DNA 

methylation occurs in downstream repeats at the PHE1 locus (Zhang et al., 2013a). 

The DNA methylation-based mechanism is not sufficient to explain the 

expression patterns of parent-specific genes (Figure 6-B and C). For example, 

the PHERES1 (PHE1) gene expressed in the paternal genome is imprinted in the 

endosperm by the repressive activity of PcG. However, repressing the PHE1 

maternal allele in endosperm relies on both the FIS-PcG complex binding to the 

promoter region of the PHE1 locus and DME-mediated DNA demethylation at the 

3' end of the PHE1 locus (Makarevich et al., 2008; Hsieh et al., 2009). Based on 

genome-wide analysis of imprinted genes in the endosperm, Hsieh et al. (2011) 

hypothesised that in the fis loss-of-function mutant, PEGs will be activated and 

expressed when fertilization occurs with met1 pollen. However, the FIS-PcG 

targets needs to be demethylated so that the FIS-PcG complex can bind to it, 

meaning that methylation of alleles inherited from the paternal genome will 

prevent FIS targeting (Köhler and Kradolfer, 2011). Recent reports have shown 

that accumulation of easiRNAs at maternally imprinted loci likely mediated by 

RNA-directed DNA methylation (RdDM) activity (Martinez et al., 2018) bypasses 

hybridization barriers between diploid seed parents and tetraploid pollen parents 

in A. thaliana (Borges et al., 2018; Martinez et al., 2018). 

1.5.2 Polycomb group proteins control imprinted gene expression 

Molecular-level studies of endosperm development have shown that the PRC2 

complex plays an important role before and during endosperm development, as 

PRC2 mutants (like fie, fis2 and mea mutants) display an autonomous 

endosperm phenotype before fertilization and later undergo additional 
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endosperm cell divisions and fail to undergo cellularization (Grini et al., 2002; Heo 

et al., 2013). The PcG complex is conserved through evolution and plays an 

important role in cell specification and organ development (Wang et al., 2004; 

Farrona et al., 2008). Two somewhat opposing models for targeting the PcG 

complex to chromatin have been proposed. One involves DNA-binding 

transcription factors binding to polycomb response elements (PREs) (He et al., 

2013; Xiao et al. 2017) and the other involves noncoding RNAs (ncRNAs) acting 

as molecular guides (He et al., 2013; Borges et al., 2018; Martinez et al., 2018).  

DNA-binding transcription factors directly or indirectly recruit the PcG complex by 

binding to the sequence-specific cis PREs and subsequently deposit repressive 

H3K27me3. One example, AGAMOUS (AG), a MADS-box transcription factor, 

has roles in repressing the WUSCHEL (WUS) locus by binding to a CArG 

sequence at the WUS locus and thus directly or indirectly recruiting the PRC2 

complex and LHP1 (LIKE HETEROCHROMATIN PROTEIN1) (Liu et al., 2011). 

Other examples of DNA-binding transcription factors recruiting the PcG have 

been described in A. thaliana by Xiao et al. (2017). These authors identified two 

transcription factors, AZF1 (AZOOSPERMIA FACTOR 1) and BPC1 (BASIC 

PENTEACYSTEINE 1), that bind to the short genomic fragments known as PREs 

that contain a GA-repeat motif and a telobox motif to co-localize with PRC2 on 

chromatin and physically interact with and recruit PRC2 to the target genes. All 

of these suggest that DNA-binding transcription factors play important roles in 

targeting the PcG complex. 

In animals, ncRNAs have been shown using the cis or trans-acting method to 

have important roles in recruiting PRC2 complex to target sites (Beisel and Paro, 

2011). In plants, the function of ncRNAs in PRC2 recruitment is unclear. Recently, 

two studies have suggested that easiRNAs might play a role in recruiting the 

PRC2 complex to the targets in A. thaliana. They showed that a highly conserved 

microRNA in plants, miR845, targets the tRNAMet primer-binding site of long 

terminal repeat retrotransposons, triggering the accumulation of 21-22-nt small 

RNAs in a dose-dependent fashion via RNA polymerase IV, leading to PRC2 

recruitment (Borges et al., 2018) or RdDM activity (Martinez et al., 2018) at 

maternally imprinted loci, which helps bypass the triploid block in response to 
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increased paternal ploidy in A. thaliana. However, the detailed mechanism for 

involvement of easiRNAs in silencing MEGs by PRC2 recruitment is still not clear. 

lncRNAs can also directly or indirectly recruit the PcG complex. The mammalian 

PcG complex binds to hundreds of lncRNAs that are thought to act as sequence-

specific guides directing the complex to the chromatin to deposit repressive 

histone (H3K27me3) marks (Khalil et al., 2009; Beisel and Paro, 2011; 

Davidovich and Cech, 2015). The best-described example in plants is at the 

FLOWERING LOCUS C (FLC) locus in Arabidopsis. Two lncRNAs regulating 

FLC expression have been identified: COLD-INDUCED LONG ANTISENSE 

INTRAGENIC RNA (COOLAIR), and COLD-ASSISTED INTRONIC 

NONCODING RNA (COLDAIR) (Figure 7). 

 

Figure 7. PRC2 recruitment by lncRNAs. Schematic representation of the roles of COLDAIR and 

COOLAIR on FLC expression and the regulation of COOLAIR by AtNDX during the course of 

vernalization (Zhang et al., 2013a). 

COOLAIR is an antisense RNA that is transcribed in response to cold treatment 

and is alternatively polyadenylated at the 3' end, resulting in a proximal poly(A) 

site or a distal poly(A) site (Swiezewski et al., 2009, Liu et al., 2010). The proximal 

poly(A) site stimulates the activity of FLD, a homologue of the human LYSINE 

SPECIFIC DEMETHYLASE1 (LSD1; Sanda and Amasino, 1996; Liu et al., 2007), 

to reduce the level of H3K4me2 at the FLC locus, leading to a transition from an 

active chromatin state to a repressive state (Liu et al., 2010). Reduction in 

H3K4me2 might benefit H3K27me3 modification; thus, COOLAIR acts as an 

indirect recruiter of PRC2. However, how FLD is activated using the proximal site 

of COOLAIR remains unknown. 
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COLDAIR is a sense ncRNA that has a 5' cap but no poly (A) tail, and is induced 

at low temperatures (Heo and Sung, 2011). COLDAIR can directly interact with 

the CXC domain of the core PcG components. In COLDAIR knockdown plants, 

the PcG complex is not properly recruited to FLC, resulting in insufficient 

H3K27me3 modification at the FLC locus. Therefore, COLDAIR serves as a 

direct recruiter for PcG. 

Collectively, these lines of evidence were sufficiently strong to support an 

observation: PRC2 binds RNA. However, a central role for lncRNAs as a major 

driving force in the recruitment of PRC2 in a gene-specific manner is still not clear, 

as exciting as it would be for those of us immersed in the RNA World. 

1.6 Long Noncoding RNAs 

lncRNAs are mainly transcribed by DNA-dependent RNA polymerase II (Pol II), 

are sometimes polyadenylated, often spliced and mostly localized within the 

nucleus (Wierzbicki, 2012; St Laurent et al., 2015). Along with RNA Pol II-derived 

lncRNAs, in plants, Pol IV also transcribes thousands of lncRNAs, but these are 

co-transcriptionally processed into double-stranded RNA (dsRNA) and then into 

small interfering RNA (siRNA) (Shin and Shin, 2016). While the full repertoire of 

lncRNA functions in plants is still to be elucidated, they have a key role in 

flowering time regulation (Leeuwen and Mikkers, 2010; Heo and Sung, 2011) and 

responses to pathogen invasion (Xin et al., 2011; Liu et al., 2012; Seo et al., 

2017) and are transcribed in a changing environment (Kruszka et al., 2012; Wang 

et al., 2017). Generally, there are four main mechanistic themes or archetypes of 

lncRNA activity, as shown in Figure 8 (Rinn and Chang, 2012). 

1.6.1 Classification of long noncoding RNAs 

In mammalian and plant genomes, most transcribed genomic regions encode 

noncoding RNAs. These ncRNAs are typically transcribed from introns, antisense 

to exons, intergenic and often do not yet have any prescribed biological function 

(Figure 8). ncRNAs fall into two broad groups based on their size: small ncRNAs 

shorter than 200 nt, such as microRNAs (miRNAs), siRNAs, trans-acting siRNAs 

(tasi-RNAs), small nucleolar RNAs (snoRNAs) and transfer RNAs (tRNAs); and 
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lncRNAs, which are longer than 200 nt and up to 100 kp in animals (Czech and 

Hannon 2011; Siomi et al., 2011; Bai et al., 2014; St Laurent et al., 2015). Small 

and long ncRNAs play important roles in regulating biological processes such as 

cell differentiation during development and metabolism (Mercer et al., 2009). 

 

Figure 8. Genomic locations of lncRNAs in relation to protein-coding genes. Antisense lncRNA 

transcription initiates inside or at the 3' end of protein-coding genes; lncRNA transcription is 

opposite to a protein-coding gene and overlaps with at least one of the exons of the protein-

coding gene. Intronic lncRNAs are located inside an intron of a protein-coding gene in either the 

sense or antisense direction, and their ends do not have any overlap with exons. Divergent 

lncRNAs are transcribed in the opposite direction to that of a nearby protein-coding gene. 

Intergenic lncRNAs (also called large intervening ncRNAs or lincRNAs) are transcribed from loci 

localized between protein-coding genes (Rinn and Chang, 2012). 

1.6.2 Molecular roles of long noncoding RNAs 

The exact mechanism of lncRNA function is still unclear. To date, several 

mechanisms have been hypothesised: (1) RNA–DNA–DNA triplex (trans-); (2) 

RNA–DNA hybrid; (3) RNA–RNA hybrid of lncRNA with a nascent transcript; and 

(4) RNA–protein interaction (cis-/trans-). However, only (1), (2) and (4) have been 

demonstrated and experiments have shown that lncRNAs interact with partners 

such as DNA, RNA or protein to carry out their functions as decoys, scaffolds, 
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guides and enhancers (Figure 9). Examples are given below of these 

mechanisms. 

First archetype, lncRNAs can act as decoys that indirectly inhibit regulatory 

proteins by preventing their association with their target DNA. Two examples of 

this in animals are lncRNA GROWTH ARREST-SPECIFIC 5 (GAS5), which binds 

to the glucocorticoid receptor at the DNA-binding site to prevent it interacting with 

DNA, stopping metabolic gene transcription (Kino et al., 2010); and the blocking 

of components in the silencing machinery to prevent progression of the cycle, 

such as lncRNA P21-ASSOCIATED ncRNA DNA DAMAGE-ACTIVATED 

(PANDA), which binds to transcription factor NF-YA, preventing the apoptosis 

mediated by p53 (Hung et al., 2011). 

 

Figure 9. Mechanistic themes of lncRNA activity: (a) as decoys, lncRNAs can bind microRNAs or 

target proteins such as transcription factors and titrate away the DNA-binding protein; (b) as a 

scaffold for recruitment of proteins into a ribonucleprotein complex; (c) as a guide to recruit 

chromatin or DNA-modifying enzymes to their target histone or DNA region; (d) as enhancers to 

primarily enhance DNA-dependent RNA polymerase II transcription (Rinn and Chang, 2012). 

The second archetype of lncRNA function is as a central platform for the 

assembly of molecular components (like proteins, peptides) into a complex 

(Spitale et al., 2011). For example, the lncRNA HOTAIR has specific sites in its 
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structure that help it simultaneously bind to two complexes, PRC2 and LSD1-

CoREST, to control gene silencing (Tsai et al., 2010). 

The third archetype of lncRNA function is as molecular guides, whereby they bind 

to protein complexes to facilitate their localization to specific targets (Rinn and 

Chang, 2012). For example, in Arabidopsis, lncRNA COLDAIR binds to the PRC2 

complex to guide deposition of H3K27me3 to chromatin at FLC to enable the 

induction of flowering (Heo and Sung, 2011) (see Figure 6 for summary). 

The fourth archetype function of lncRNAs is as enhancers, particularly for 

transcriptional enhancement. For instance, the nascent RNA of the mammalian 

lncRNA HOTTIP creates a chromosomal loop when HOTTIP appears at specific 

Hox loci, which activates the transcription of its target gene (Wang et al., 2011). 

In summary, although lncRNAs can be classified into four types as above, more 

archetypes most likely exist as the majority of transcribed lncRNAs do not have 

an associated biological function that may be detected in future. 

1.7 Long Noncoding RNAs Modulate the Activity of RNA-binding 

Protein Complex and Regulate Gene Expression 

Regulation of gene expression plays an important role in many complicated 

processes in the body, such as development, differentiation, cell specification and 

responses to environmental stimuli. Post-transcriptional regulatory processes 

have critical effects on eukaryotic gene expression programs like pre-mRNA 

splicing and maturation, as well as mRNA transport, stability, storage, editing, 

translation and turnover. ncRNAs including miRNAs, lncRNAs, together with 

RNA-binding proteins (RBPs), play an important role in such processes (Fabian 

et al., 2010; Morris et al., 2010; Castello et al., 2012; Yoon et al., 2013; Moore, 

2015). 

RBPs have been shown to have important roles in regulating many cellular 

processes in plants and animals, such as cell proliferation, death, differentiation 

and development (Yang et al., 2015; Wang and Chekanova, 2017) (Table 2). In 

addition, RBPs can lead to differential expression or altered activity of certain 

RBPs that are involved in the pathogenesis of several human diseases (Keene, 
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2007; Lukong et al., 2008). RBPs primarily bind to specific sequence elements in 

newly synthesized or mature RNAs to regulate their expression by affecting pre-

mRNA splicing and maturation as well as mRNA transport, storage, turnover and 

translation (Lukong et al., 2008; Zhang et al., 2013a). Depending on the type of 

RBP and the associated RNA sequence, RBPs can bind to RNA through an RNA-

recognition motif (RRM) or RNA-binding domain (RBD) in either the nucleus or 

the cytoplasm. For example, Lorkovic and Barta (2002) reported 196 Arabidopsis 

RBPs with the RRM and 26 RBPs with K-homology; Miller et al. (2008) reported 

that the Pumilio/FBF (PUF) family proteins have other RBDs like the PUF repeat. 

These domains interact with associated RNA sequences in a specific or non-

specific manner. Bailey-Serres et al. (2009) identified over 1,100 RBPs in A. 

thaliana, of which 200 are functionally characterized as RBPs involved in 

canonical processes of splicing and translation. Hence, studying RNA–RBP 

networks and RNA sites bound by RBPs is important for fully understanding the 

complex regulatory processes in the body, and will likely provide supporting 

evidence that RBPs are important for cellular regulation. 

Recently, the significance of lncRNA–protein interactions has been better 

understood with respect to molecular mechanisms in some biological processes 

(Table 2). However, the biochemical attributes of these interactions are being 

discovered and novel bioinformatics approaches are being developed to identify 

and predict proteins that interact with target lncRNA, and vice versa. RNA 

immunoprecipitation (RIP) is a technique that depends on the fixation of samples 

to cross-link RBPs to RNAs in vivo, followed by immunoprecipitation of specific 

ribonuclear protein (RNP) complexes and identification of associated RNAs. The 

advantages of RIP are that the cross-linking and denaturing conditions during 

extract preparation and the immunoprecipitation step minimise a recognised 

problem in standard immunoprecipitation: the re-association of RBPs with non-

cognate RNAs occurring in cellular extracts (Mili and Steitz, 2004). Importantly, 

these conditions do not affect native RNA–protein complexes because they are 

stabilized by the cross-linking of their components. However, this method also 

has some limitations, including that (1) the antibody used and the abundance of 

the target ribonucleoprotein strongly affect the results; and (2) RNA molecules 
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are known to be ‘sticky’ and might exhibit non-specific binding to RBPs 

(Niranjanakumari et al., 2002). 

The RIP assay has been used to analyze native RNA–protein interactions of plant 

RBP complexes (Terzi and Simpson, 2009; Köster and Staiger, 2014; Sorenson 

and Bailey-Serres, 2015). These methods use a cell-lysis buffer that is likely able 

to stabilize different RNPs for immunoprecipitation. 
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Table 2. Summary of lncRNA binding proteins in plants and animals 

  LncRNA RBP Biological function Reference 

Animals 

ANRIL PRC2, PRC1 Affecting p16INK4a gene expression and cell senescence Wang et al., 2004 

AIR G9a Targeting G9a in cis for imprinting Nagano et al., 2008 

FENDRR PRC2, WDR5 Regulating genes in cis and in trans Grote et al., 2013 

FIRRE hnPNPU Modulating the nuclear architecture across chromosomes Hacisuleyman et al., 2014 

HOTAIR PRC2, LSD1 Silencing transcription in trans via its modular architecture Tsai et al., 2010 

HOTTIP MLL-WDR5 Activating gene expression via chromosomal looping Wang et al., 2011 

lincRNA-p21 hnRNP-K Mediating p53-dependent gene repression Huarte et al., 2010 

MALAT1 
PSPC1, PSF, 
PURA 

Sequestering splicing factor to regulate alternative splicing West et al., 2014 

NEAT1 
PSPC1, 
SRSF1, ESRP2 

Playing a role in RNA processing and transcriptional 
regulation 

West et al., 2014 

Rox1 MLE, MSL 
Mediating X chromosome upregulation to rescue male 
lethality 

Quinn and Chang, 2015 

TERC TCAB1 
Having functions as the template and scaffold for the 
telomerase complex 

Chu et al., 2011 

Xist 
81 proteins 
(Hnrnpk, Spen) 

Mediating chromatin modification and polycomb targeting Chu et al., 2015 

Xist 
10 proteins 
(SHARP, 
HDAC3) 

Interacting directly with SHARP to silence transcription 
through HDAC3 

 McHugh et al., 2015 

Plants ASCO-lncRNA NSR 
Having functions in lateral root development in Arabidopsis, 
as a regulator of alternative splicing and as a decoy 
lncRNA 

Bardou et al., 2014 
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  LncRNA RBP Biological function Reference 

COLDAIR PRC2 

Having functions in regulation of flowering in Arabidopsis in 
the vernalization pathway, showing an association with 
polycomb to mediate silencing of FLC and affecting 
chromatin looping at FLC in response to vernalization 

Heo and Sung, 2011 

COLDWRAP PRC2 

Having functions in regulation of flowering in Arabidopsis in 
the vernalization pathway; participating in and coordinating 
vernalization-mediated polycomb silencing of the FLC; also 
having an effect on formation of an intragenic chromatin 
loop that represses FLC 

Kim and Sung, 2017 

ANTISENSE 
LONG (ASL) 

RRP6L1 
Regulating flowering in the autonomous pathway in 
Arabidopsis; AtRRP6L controls ASL to modulate 
H3K27me3 levels 

Shin and Chekanova, 2014 

APOLO AGO4 

Having functions in regulation of auxin signalling outputs in 
Arabidopsis; participating in chromatin loop dynamics; 
influencing formation of a chromatin loop in the PINOID 
promoter region 

Ariel et al., 2014 

Pol V 
transcripts 

AGO4 
Having roles in silencing TEs and repeats in RdDM 
pathway; also, serving as a scaffold lncRNA for assembly 
of siRNAs and proteins in the RdDM pathway 

Böhmdorfer et al., 2016 

ENOD40 NSR 
Regulating symbiotic interactions between leguminous 
plants and soil bacteria in Medicago truncatula; possible 
function in re-localization of proteins in plants 

Bardou et al., 2014 

 ELENA1 MED19a 
Having roles in protecting the plant against the 
Pseudomonas syringae pv. tomato DC3000 

Seo et al., 2017 
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1.8 Long Noncoding RNA Associates with Transposable 

Elements to Regulate Gene Expression 

With the development of high-throughput sequencing technology, identification of 

ncRNAs has been extensively described in plant and animal transcriptomes. 

Among these ncRNAs, a growing number of lncRNAs has been identified in 

multicellular organisms; however, the precise functions as well as the origin and 

evolution of many lncRNAs remain to be explored (Chitwood and Timmermans, 

2010; Liu et al., 2012; Chen et al., 2015). In many eukaryotic genomes, 

transposable elements (TEs) are mobile genetic elements with many copies, 

widely distributed and often accounting for a large fraction of plant and animal 

genomes (de Koning et al., 2011; Liu et al., 2012). TEs are increasingly 

recognised as important players in the origins of functional novelties (Feschotte, 

2008). Several instances of TEs have revealed that they can be a source of cis 

elements regulating expression of adjacent genes (Kunarso et al., 2010). TEs 

have also been reported as major factors in the expression of miRNA genes (Li 

et al., 2011; Zhou et al., 2013). Further, TEs have been found to be remarkably 

enriched within lncRNA exons relative to protein-coding exons (Kelley and Rinn, 

2012; Kannan et al., 2015). Notably, Chishima et al. (2018) found that many TE–

tissue pairs are associated with tissue-specific expression of lncRNA in humans, 

and suggested that multiple TE families can be re-used as functional domains or 

regulatory sequences of lncRNAs. In addition to functions of TE-associated 

lncRNAs, a recent study showed that TE-associated lncRNAs play an important 

role in plant biotic stress responses in A. thaliana (Wang et al., 2017). All of these 

findings support the hypothesis that TEs might serve as one of the functional 

elements in lncRNAs. 

1.9 Context of This Study 

To date, the role of lncRNAs in seed development remains unclear. In this 

research project, lncRNAs were identified in A. thaliana, rice and maize in an 

attempt to discover lncRNAs involved in early seed development. 
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1.10 Aims of This Project 

The specific aims of this project were as follows. 

1.10.1 Establish methodology for identification and purification of plant 

long noncoding RNAs (Chapter 2) 

This study optimised experimental conditions to purify specific cell types, 

undertook bioinformatic annotation of lncRNAs and investigated biological 

function using the reference plant A. thaliana. 

1.10.2 Establish methodology for quantitative and single-nucleotide 

resolution profiling of RNA 5-methylcytosine (Chapter 3) 

This study developed methods for highly reproducible bisulfite treatment of RNA, 

efficient locus-specific PCR amplification, detection of candidate sites by 

sequencing on the Illumina MiSeq platform and bioinformatic calling of non-

converted sites. 

1.10.3 Explore the contribution of transposable elements to intergenic long-

noncoding RNAs (Chapter 4) 

In many eukaryotic genomes, TEs are widely distributed; they often account for 

large fractions of plant and animal genomes. However, the contribution of TEs to 

lincRNAs is largely unknown (Gregory, 2005; de Koning et al., 2011). By using 

strand-specific RNA sequencing, the expression patterns of TE-associated 

lincRNAs in Arabidopsis, rice and maize were profiled. 

1.10.4 Identify long noncoding RNAs bound to the FIS2–PRC2 complex 

(Chapter 5) 

In mammals, around 9,000 lncRNAs bind to PRC2 (Khalil et al., 2009). However, 

only two plant lncRNAs have been demonstrated to bind to PRC2 (Heo and Sung, 

2011; Kim and Sung, 2017). Hence, identification of lncRNAs bound to the FIS2–

PRC2 complex is predicted to reveal novel lncRNAs involved in seed 

development. To identify FIS2–PRC2-associated lncRNAs, transcriptome-wide 
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RNA sequencing of A. thaliana siliques was performed on the next-generation 

sequencing platform, HiSeq 2000 (Illumina®). 

1.10.5 Identify long noncoding RNAs in Arabidopsis thaliana endosperm 

(Chapter 6) 

To identify lncRNAs, transcriptome-wide RNA sequencing of A. thaliana 

endosperm was performed on the next-generation sequencing platform, HiSeq 

2000 (Illumina®). 
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Abstract 

More than 70% of eukaryotic genomes are transcribed into RNA transcripts, the 

majority of these transcripts are noncoding protein and their biological functions 

are largely unknown. Over the last decade, the application of high throughput 

sequencing technologies has led to the description of almost all cellular coding 

and noncoding RNA transcripts except perhaps for those transcripts that are 

lowly abundant or those present only in specific cells that are underrepresented 

in sampled tissue(s). An often under represented class of noncoding are long 

noncoding RNAs (lncRNAs) and these often play key regulatory functions for 

many biological processes such as cell identity and cell division. However, the 

purification and functional characterization in vitro is still a challenge in both 

animal and plant experimental systems. Here, we describe in detail methodology 

for purification of specific cell types, bioinformatic annotation of lncRNAs and 

investigation of biological function using the reference plant Arabidopsis thaliana. 

 

Keywords  

Arabidopsis thaliana, functional analysis, long noncoding RNA, nuclei 

purification, RNA-Seq. 

 

1  Introduction 

Eukaryotic genomes transcribe genetic information from chromatin, into RNA and 

subsequently a small portion is translated into proteins. However, the majority of 

these RNA transcripts are not translated, and are described as noncoding RNAs 

(ncRNAs) (1, 2). Many ncRNAs are post-transcriptionally processed, examples 

include introns removed, covalent RNA modifications added or diced into smaller 
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ncRNAs (3-6). Arbitrarily, ncRNAs have been grouped by size into small, sRNAs, 

those less than 200 nucleotides (nt) and long ncRNAs (lncRNAs) those larger 

than 200 nt in length (7-9). To date, lncRNAs have been shown to have diverse 

functional roles in many fundamental cellular processes and they also represent 

important components of ongoing research in many fields (10).  

 

Often the first step is to identify or sequence the lncRNAs within specific tissue(s) 

of interest. However, cell-specific expression or low abundance of the lncRNA 

within a tissue can often make this first step a challenge. In this chapter, we adapt 

and describe a method called isolation of nuclei tagged in specific cell types 

(INTACT) to purify a specific cell type (11). The next step is often application of 

sequencing technology to sequence the purified RNA and bioinformatic 

annotation of protein coding and noncoding transcripts. This method has already 

been applied to a large number of species including Saccharomyces cerevisiae, 

Schizosaccharomyces pombe, Arabidopsis thaliana, mouse and human cells 

(12-21). We briefly describe these bioinformatic steps within the chapter. Often 

the next step is functional characterization of novel lncRNAs and this can involve 

perturbing transcription by CRISPR mediated deletion, overexpression of the 

lncRNA by using a transgene or transcriptional activators, or knockdown using 

dsRNA or artificial miRNAs (22-25). In this chapter, we detail protocols for the 

functional characterization of lncRNAs from Arabidopsis thaliana siliques (Fig. 1). 
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Fig. 1 Overview showing the workflow for this chapter. The siliques of transgenic plants 

expressing the MPC::NTF construct (green stars) were collected and fixed with the formaldehyde. 

The fixed samples were then lysed into purification buffer and streptavidin magnetic beads were 

used to enrich the biotinylated nuclei. Next, RNA was extracted from purified nuclei, libraries 

constructed and sequenced using an Illumina Nextseq. The data were analyzed by a 

bioinformatics pipeline to identify potential long noncoding RNAs (lncRNAs). The target lncRNAs 

were confirmed and functional analysis undertaken by perturbing their expression by using an 

overexpression or knockdown vector. Mutants with an interesting phenotype were used as 

material for chromatin isolation by RNA purification (CHIRP) experiments to identify the target 

genomic DNA and/or target-lncRNA binding proteins. 

 

2 Materials 

Prepare all solutions using RNase-free and DNase-free H2O and analytical grade 

reagents. Store and prepare all reagents at room temperature unless indicated 

otherwise. Prepare and perform RNA extraction, cDNA synthesis, and PCR 

amplification experiments in an RNase-free area. Follow all state or national 

safety and waste disposal regulations when performing experiments. 

 

2.1  Plant growth and tissue sampling 

1. Transgenic seeds expressing the E. coli biotin ligase BirA and tissue 

specific nuclear targeting fusion protein (NTF) in the endosperm 

2. Appropriate plant growth media 

3. Liquid nitrogen (and container) 

4. Polystyrene box and/or second liquid nitrogen-proof container 

5. Sharp knife, scalpel, razor blade, tweezers, metal needle/probe and flame 

source 

6. Eppendorf tubes (1.5 mL) 
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7. –80°C freezer or liquid nitrogen storage container and/or dry ice 

8. RNAlater™ solution (ThermoFisher Scientific) 

 

2.2  Nuclei purification 

2.2.1 Materials and reagents 

1. 37% (w/v) Formaldehyde  

2. Glycine  

3. Liquid nitrogen (N2) 

4. MOPS (Merck) 

5. NaCl  

6. KCl  

7. EDTA  

8. EGTA  

9. Spermidine  

10. Spermine  

11. cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Merck) 

12. Tris_HCl  

13. SDS 

14. 4′,6-diamidino-2-phenylindole (DAPI) 

15. M-280 streptavidin Dynabeads (ThermoFisher Scientific) 

16. Triton X-100  

17. 40-μM cell strainer (BD Falcon) 

18. MiniMACS™ separation magnet (Miltenyi Biotec) 

19. Refrigerated microcentrifuge (Eppendorf, model 5415R or equivalent) 

20. Refrigerated centrifuge (Sorvall, model RC5C or equivalent) 
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21. Rotating mixer for 1.5-mL tubes (Labquake; ThermoFisher Scientific, or 

equivalent) 

22. Electronic serological pipetting device (Easypet; Eppendorf, or equivalent) 

23. Fluorescence microscope with DAPI and GFP filters 

 

2.2.2 Nuclei purification buffers (NPB)  

Spermidine, spermine and cOmplete™ protease inhibitors are added just before 

use and the solution is kept on ice. 

1. 20 mM MOPS (pH 7.0) 

2. 40 mM NaCl 

3. 90 mM KCl  

4. 2 mM EDTA  

5. 0.5 mM EGTA  

6. 0.5 mM spermidine  

7. 0.2 mM spermine  

8. 1× cOmplete™ protease inhibitors  

 

2.2.3 Nuclear lysis buffer  

This solution should be prepared just before use and kept at RT. Do not store this 

solution. 

1. 50 mM Tris (pH 8.0) 

2. 10 mM EDTA 

3. 1% (w/v) SDS 

4. 1× cOmplete™ protease inhibitors  
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2.3 RNA extraction 

1. TRIzol™ reagent (ThermoFisher Scientific). Refer to the manufacturer’s 

instructions and guidelines for stability and storage, and handle with eye 

and glove protection. 

2. Chloroform (ThermoFisher Scientific) 

3. Isopropyl alcohol 

4. Absolute ethanol 

5. RNase-free water 

6. 0.5% SDS and UV-treated plastic ware, oven-baked sterile glassware 

7. Eppendorf tubes, or clean sterile Falcon tubes (conical bottom) 

8. Liquid nitrogen, mortar and pestle 

9. Benchtop centrifuges (refrigerated or access to cold room) 

 

2.4  Generation of RNA-Seq library 

1. Ribo-Zero magnetic kit (Illumina) 

2. NEBNextⓇ Ultra™ Directional RNA Library Prep Kit (Illumina) 

 

2.5  Library sequencing 

1. 0.2 M NaOH 

2. 0.2 M Tris-HCl, pH 7.0 

3. NextSeq 500 Kit 

4. Illumina PhiX Control Kit 

 

2.6  Bioinformatics analysis 

1. FASTQ RNA-Seq files 
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2. Pipeline to identify the lncRNAs 

 

2.7  Functional analysis of lncRNA 

1. Transcripts of target lncRNAs 

2. Arabidopsis thaliana seeds 

3. Donor and binary vectors (pENTR/D, pLeela, pJawohl18, pRS300, 

pGreen II) 

4. Appropriate antibiotics 

5. Plant growth facilities 

6. Primers of target lncRNAs (LNCRNA_1246_R: 5’-

TGACCTGCTGCTCTCATCTCG-3’, LNCRNA_1246_F: 5’-

GTTGCACATCAGGGACATG-3’), and house-keeping genes (Actin1_F: 

5’-GTCTCGAGAGATGACTCAGATCATGTTTGAG-3’; Actin1_R: 5’-

GGCGCGCCACAATTTCCCGTTCTGCGGTAG-3’) 

 

2.8  Chromatin isolation by RNA purification (ChIRP) 

2.8.1  Materials and reagents 

1. T3 seed of target-lncRNA mutants 

2. Agar  

3. Phosphate buffered saline (PBS)  

4. Formaldehyde 

5. 0.125 M glycine  

6. 40 μM strainer (BP Falcon) 

7. Vacuum indicator (Sorvall, model RC5C or equivalent) 
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8. Probes, design an array of probes along the lncRNAs by using Stellaris® 

Probe Designer version 4.2 at http://www.singlemoleculefish.com 

9. Yeast total RNA (Merck) 

10. Bovine serum albumin (BSA) 

11. DNase I (ThermoFisher Scientific) 

12. RNA extraction kit: RNeasy Mini column extraction (other commercial RNA 

extraction kits can be used) (Merck) 

13. MgCl2  

14. Sucrose 

15. Beta-mercaptoethanol 

16. Dithiothreitol (DTT) 

17. Phenylmethylsulfonyl fluoride (PMSF) 

18. RNaseOut™ (ThermoFisher Scientific) 

19. NaHCO3 

20. NP-40 (Merck) 

 

2.8.2  Buffers 

1. Buffer 1: 0.4 M sucrose, 10 mM Tris-HCl, pH 8.0, 10 mM MgCl2. Before 

use, add 5 mM beta-mercaptoethanol, 1 mM DTT, 1 mM PMSF, 1 tablet 

of cOmplete™ protease inhibitor and 0.1 U/µL RNaseOut™. 

2. Buffer 2: 0.25 M sucrose, 10 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 1% Triton 

X-100. Before use, add 5 mM beta-mercaptoethanol, 1 mM DTT, 1 mM 

PMSF, 1 tablet of cOmplete™ protease inhibitor and 0.1 U/µL 

RNaseOut™. 
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3. Buffer 3: 1.7 M sucrose, 10 mM Tris-HCl, pH 8.0, 2mM MgCl2, 0.15% 

Triton X-100. Before use, add 5 mM Beta-mercaptoethanol, 1 mM DTT, 1 

mM PMSF, 1 tablet of cOmplete™ protease inhibitor and 0.1 U/µL 

RNaseOut™. 

4. Lysis buffer: 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS. Before use, 

add 5 mM beta-mercaptoethanol, 1 mM DTT, 1 mM PMSF, 1 tablet of 

cOmplete™ protease inhibitor and 0.1 U/µL RNaseOut™. 

5. Hybridization buffer: 500 mM NaCl, 1% SDS, 100 mM Tris, pH 7.0, 10 mM 

EDTA, 15% formamide. Before use, add 5 mM beta-mercaptoethanol, 1 

mM DTT, 1 mM PMSF, 1 tablet of cOmplete protease inhibitor and 0.1 

U/µL RNaseOut™. 

6. Wash buffer: 2xSSC, 0.5% SDS. Add 1 mM DTT and 1 mM PMSF fresh 

7. RNA elution buffer: Tris-HCl, pH 7.0 and 1% SDS 

8. DNA elution buffer: 50 mM NaHCO3, 1% SDS, 200 mM NaCl 

9. DNase buffer: 100 mM NaCl and 0.1% NP-40 

 

3  Methods 

Carry out all procedures described below at room temperature unless otherwise 

stated. 

 

3.1  Sampling 

Collect plant material (1 day after pollination siliques, DAP) from plant grown in a 

controlled environment facility, place the siliques in pre-weighed Eppendorf tubes 

and immediately immerse in liquid nitrogen. Alternatively, submerge the siliques 

in RNAlater™ solution (see Notes 1-5). 
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3.2 Purification of nuclei from specific plant cell types using the INTACT 

method 

1. In a mortar and pestle pre-cooled with liquid N2, grind 5g of siliques and 

re-suspend the tissue powder in 10 mL of cold NPB buffer. Keep on ice for 

10 minutes (see Note 6). 

2. Filter the extract through a 40 μM strainer and centrifuge down the nuclei 

at 1200g for 15 minutes at 4°C. 

3. Discard the supernatant and gently re-suspend the nuclei in 1 mL of cold 

NPB and transfer to a 1.5 mL tube. 

4. Wash the appropriate amount (25 uL of beads for each 5g of root tissue 

or 10 uL for each 0.5g of leaf tissue) of Dynabead™ M-280 Streptavidin 

beads with 1 mL of NPB and then re-suspend the beads with NPB to their 

original volume. Add the bead suspension to the nuclei from Step 3 and 

rotate at 4°C for 30 minutes. 

5. Dilute 1 mL of bead-nuclei mixture with 14 mL of 4 ice cold NPB containing 

0.1% Triton X-100 (NPBt) in a 15 mL tube. Mix gently and place on ice for 

30 seconds. Place the tube in the DynaMag™-5 magnet for 5 minutes at 

4°C. 

6. Carefully remove the supernatant with a serological pipette and gently re-

suspend the beads in 14 mL of cold NPBt. Mix gently and place on ice for 

30 seconds. Place the tube in the DynaMag™-5 magnet for 5 minutes at 

4°C. 

7. Repeat step 5. 
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8. Gently remove the supernatant with a serological pipette and resuspend 

the beads in 1 mL of cold NPBt. Remove a 25 uL sample for counting the 

number of captured nuclei on a hemocytometer.  

9. Transfer the resuspended beads to a 1.5 mL tube and capture on a 

DynaMag™-5 magnet. 

10. Remove the supernatant, resuspend the beads in 20 uL of cold NPB, and 

proceed with downstream processing (RNA isolation or ChIP). 

Alternatively, nuclei/beads can be stored at -80°C until further use. 

11. To view the purified nuclei under a microscope, add 1 uL of 0.2 ug/uL 

DAPI to each 25 uL sample (taken at step 7) and place on ice for 5 

minutes. Count the number of nuclei using a hemocytometer (see Notes 

7-9) (Fig. 2). 

 

Fig. 2 Purification of tagged nuclei using the isolation of nuclei tagged in specific cell types 

(INTACT) system (10). a. Partial cassette of the transgenic vector showing the three-part 

structure of nuclear targeting fusion protein (NTF) is shown. The chimeric protein consists 
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of the WPP domain of RanGAP1 for nuclear envelope targeting, GFP to allow visualization 

and the biotin ligase recognition peptide (BLRP), which is biotinylated by BirA. b. 

Fluorescence microscopy images of NTF-labeled nuclei that have been bound by 

streptavidin-coated magnetic beads prior to capture on a magnet. Biotinylated nuclei are 

shown in blue and GFP fluorescence from the beads themselves, is shown in green. Scale 

bar, ~3 μm in each panel. The right panel is at a higher magnification than the left and 

center panels. 

 

3.3  RNA extraction, purification and DNase Treatment 

1. Add 0.5 mL of TRIzol reagent to the beads from step 3.2 above and vortex 

immediately (see Note 10). 

2. Transfer the solution to 1.5 mL tubes. 

3. Centrifuge at 12,000g for 5 minutes at 2 to 4°C. 

4. Remove the supernatant to a new 1.5 mL tube. 

5. Add 200 μL of chloroform and shake vigorously by hand for approximately 

15 seconds. 

6. Let the tube stand at RT for 3 minutes. 

7. Centrifuge the tube at 12,000g for 15 minutes at 4°C. 

8. Carefully transfer the upper aqueous phase to a new 1.5 mL tube (ensure 

no interface debris are transferred) (see Note 11). 

9. Add 0.5 mL of isopropyl alcohol and mix thoroughly. 

10. Let the mix stand at room temperature for 10 minutes. 

11. Centrifuge at 12,000g for 10 minutes at 4°C. 

12. Carefully discard the supernatant (tip the tube with the pellet position 

angled up and away from you and pipet out the supernatant). The pellet 

may be slightly glassy and transparent or may not be visible at all. 
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13. Add 1 mL of 75% ethanol. 

14. Vortex briefly and centrifuge at 12,000g for 5 minutes at 4°C. 

15. Discard the ethanol and allow the pellet to air-dry for 10 minutes. 

16. Dissolve the pellet in 20 μL of RNase-free water by very gently mixing with 

a pipette. 

17. Check quantify and purity of the RNA by using a fluorimeter, RNA quality 

can be assessed by separation of 1μg on 2.5% agarose gel. Store the 

RNA at –80°C until further use. 

18. Remove contaminating genomic DNA from the RNA by treating with the 

Turbo DNA-free kit in a 0.6-mL tube according to the manufacturer’s 

instructions. 

19. Remove the treated RNA to a new 0.6-mL tube. 

 

3.4  Generation of RNA-Seq libraries 

1. Remove ribosomal RNA (rRNA) from DNase treated RNA by treating with 

the Ribo-ZeroTM magnetic kit according to the manufacturer’s instructions. 

2. Prepare sequencing libraries for the RNA from step 1 by using the 

NEBNext® Ultra™ Directional RNA Library Prep Kit for Illumina as per the 

manufacturer’s instructions. 

3. Check the prepared libraries for quality and quantity by separation on a 

Agilent High Sensitive DNA chip. Store the remaining library at -20°C until 

further use. 

 

3.5  NextSeq sequencing 
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1. Prepare the sample sheet using the Illumina Experiment Manager by 

following the manufacturer’s protocol (see Note 12). 

2. Dilute the constructed libraries to 4 nM in resuspension buffer (RSB) 

based on the concentrations determined by the bioanalyzer. From this 

point onwards, keep the libraries on ice. 

3. Dilute the PhiX control library to 4 nM by adding 15 μL of RSB to 10 μL of 

the 10 nM PhiX control library (see Note 13). 

4. Denature the pooled libraries and PhiX control library separately by adding 

5 μL 0.2 M NaOH to 5 μL of the 4 nM libraries (see Note 14). 

5. Vortex thoroughly to mix and incubate at RT for 5 min. Add 5 μL 200 mM 

Tris-HCl, pH 7.0 and vortex briefly before centrifuge at 280g for 1 minute. 

6. Dilute the denatured pooled libraries and PhiX control library separately to 

20 pM by adding 985 μL pre-chilled HT1 to 15 μL denatured libraries. 

7. Dilute the 20 pM pooled libraries and PhiX control library separately to 1.8 

pM by adding 1183 μL pre-chilled HT1 to 117 μL 20 pM denatured 

libraries. 

8. Combine 13 μL of the 1.8 pM PhiX control library with 1287 μL of the 1.8 

pM pooled libraries and vortex to mix. 

9. Load 1300 μL of the final sample into the cartridge. Ensure that any air 

bubbles are removed by gently tapping the cartridge. 

10. Perform the sequencing run according to the manufacturer’s protocol. 

 

3.6  Bioinformatics analysis to identify lncRNAs 

1. Trim adaptors and low-quality sequences from raw reads by using 

trim_galore with following parameter: -- stringency 6.  
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2. Align the trimmed reads against the Arabidopsis thaliana genome TAIR10 

assembly by using TopHat2 with the following parameters:  

-N 5 -- read-edit- dist 5.  

3. Merge the aligned reads from all samples by using SAMtools and 

assembled the reads into transcripts by using cufflinks by using the 

parameter:  

-- library-type fr-firststrand -u.  

4. Remove transcripts shorter than 200 nt by a custom script. 

5. Determine the genomic locations of long transcripts from step 4 by 

comparing the genomic coordinates against the reference genes of 

TAIR10 and annotate the transcripts into either; gene, intergenic, intronic 

or antisense.  

6. Determine the protein-coding potential of the annotated intergenic, intronic 

and antisense transcripts by undertaking the following two steps: 1) 

Sequence similarity search against the SWISS-PROT protein database; 

and 2) Predict Open Reading Frame(s) (ORF). Transcripts that have no 

sequence similarity to proteins in SWISS-PROT or no ORFs longer than 

20 amino acids are candidate lncRNAs. 

7. Save and export the sequences of novel lncRNAs. 

 

3.7  Functional analysis of lncRNAs 

1. Amplify target lncRNAs by using PCR from either genomic DNA or cDNA.  

2. To overexpress or knockdown target lncRNAs by using dsRNA continue 

with the following steps (step 3). Alternatively, to strand specifically 
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knockdown a lncRNA follow the procedures in step 4. Then proceed to 

step 5, transformation using Agrobacterium tumefaciens. 

3. To overexpress or knockdown target lncRNAs by using dsRNA: Clone the 

PCR amplicons into pENTR™/D donor vector as per the manufacturer’s 

instructions. Carry out a LR reaction between the recombinant pENTR™/D 

donor vector and destination binary vector (vector pLEELA for 

overexpression or pJahwol18 for knockdown) as per the manufacturer’s 

instructions.  

4.  To strand specifically knockdown a lncRNA: Strand specific knockdown 

of a lncRNA may be desirable, for example if it is antisense to another 

transcript, and can be performed by using artificial miRNAs (amiRNAs). 

Generate, candidate amiRNA sequences that target your lncRNA by using 

the web app for the automated design of artificial microRNAs, WMD3 

(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi). From the list of 

candidate amiRNA sequences, select an amiRNA sequence, include 5’ 

and 3’ miRNA319 stem loop and amiRNA* sequences and order the 

sequence as a gBLOCKⓇ from IDT. Clone the amiRNA gBLOCKⓇ into 

vector pRS300 to generate 35S:amiRNA. Digest the vector with PvuII to 

remove the 35S:amiRNA cassette and clone the cassette into binary 

vector pGreenII.   

5. Introduce the recombinant binary vectors into Agrobacterium tumefaciens 

strain AGL 1 by electroporation. Select transformants by using the 

appropriate antibiotics (Rifampicin and vector conferred antibiotic 

resistance, e.g. Ampicillin) (see Note 15). 
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6. Grow 20 plants under long day conditions for 4 weeks until the 

inflorescence is approximately 10 cm long. Transform the binary vector 

into Arabidopsis thaliana plants by using the floral dipping method. 

7. Grow a 450 mL culture of Agrobacterium containing the binary vector 

overnight (see Note 16). 

8. Repeatedly dip the flowering plants into the Agrobacterium solution for 60 

seconds. Place the dipped plants horizontally onto a tray such that the 

Agrobacterium solution does not run down onto the leaves. Cover the tray 

by using a plastic cover and place into a growth chamber for 24 hours. 

9. Remove the plastic cover and place the dipped plants vertically.  

10. Collect seeds approximately 3 weeks later.  

11. Plant on soil ~2,000 dried seeds and 1 week after germination, select for 

transformed plants by an aerial application of the herbicide BASTA®. Apply 

the herbicide to run-off point. Repeat BASTA® application 1 week later 

(see Note 17). Identify approximately 20 T1 plants. 

12. From mature T1 plants, harvest seed, store in a cool, low humidity place 

and dry the seed for 2 weeks. 

13. Plant approximately 100 seeds for each of the 20 T1 lines. One week later, 

count the number of germinated T2 seedlings. 

14. Spray BASTA® onto the T2 seedlings and 5 days later count the number of 

resistant seedlings. Select T2 lines that have 3:1 (resistant: sensitive) 

segregation, and grow 20 plants and harvest the seed.  

15.  Perform phenotypic and molecular analysis on T3 plants after selection 

with BASTA® (Fig. 3). Homozygous transgenic plants can be identified by 

progeny screening after BASTA® application. 
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Fig. 3 Mutation of LNCRNA_1246 caused smaller rosette leaves than wild type (WT) a. 

RT_PCR for the expression of LNCRNA_1246 in the mutants and WT. Mean ± SD are 

shown. b. Images of LNCRNA_1246 mutant and WT at flowering stage. Scale bar is 1 cm. 

 

3.8  Chromatin isolation by RNA purification (ChIRP) 

1. Sow 1g of lncRNA mutant and wild type control seeds on ½ Murashige 

and Skoog (MS), 1% sucrose agar plates. 

2. Seven days after germination, crosslink seedlings with 1% formaldehyde 

in 1X PBS solution by using vacuum infiltration at 4oC for 15 minutes (see 

Note 18). 

3. Terminate crosslinking by adding 0.125M glycine and vacuum infiltrate for 

another 5 minutes.  

4. Wash the cross-linked seedlings three times with cold, sterile water. 

5. Grind the seedlings to a fine powder in a mortar and pestle that has been 

pre-chilled with liquid nitrogen. Add 1 mL of ground powder to 10 mL of 

buffer 1. 

6. Keep the samples on ice for 10 min. Filter the samples through two 40 μM 

strainers and then centrifuge at 2,000 g at 4oC for 30 minutes.  
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7. Remove the supernatant and resuspend the pellet in 1 mL of buffer 2, 

centrifuged at 15,000 g at 4oC for 10 minutes. 

8. Remove the supernatant and resuspended the pellet in 300 μL of buffer 3, 

layer on top another 300 μL of fresh buffer 3, centrifuged at 15,000 g at 

4oC for 1 hour.  

9. Remove the supernatant and re-suspended the pellets in 300 μL of lysis 

buffer, sonicated (15s ON/60s OFF) until the DNA is fragmented into 

200±500 bp length fragments.  

10. Centrifugation at 15,000 g at 4oC for 15 minutes. Dilute the chromatin in 

the supernatant with 2 volumes of hybridization buffer.  

11.  Add the StellarisⓇ designed biotin labelled lncRNA probes to 150 μL of 

diluted chromatin to give a final concentration of 100 pmol/uL, and 

incubate by end-to-end rotation at 4oC overnight. 

12. For each sample, wash 50 μL of streptavidin-magnetic C1 beads with 6 

volumes of lysis buffer, and repeat three times. Block the beads by adding 

500 ng/μL of yeast total RNA and 1 mg/mL BSA and incubate for 1 hour 

at RT, then washed again in lysis buffer before re-suspending in the 

original volume of 50 uL.  

13. Mix the samples from step 11 and the washed beads from step 12 at 4oC 

for 2 hours  

14. Wash the captured beads five times with wash buffer. The beads are now 

ready for different elution protocols depending on the downstream assays. 

15. RNA elution: Resuspend the beads in 10x the original volume of RNA 

elution buffer and boil for 15 minutes. Purify the RNA by following the 

RNeasy mini column procedure according to the manufacturer’s protocol. 
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Detect the enriched transcripts by quantitative reverse-transcription PCR 

(qRT-PCR). 

16. DNA elution: Resuspended the beads in 3x the original volume of DNA 

elution buffer with a cocktail of 100 μg/mL RNase A and 0.1 U/μL RNase 

H at 37oC with end-to-end rotation. Reverse-crosslink the chromatin by 

incubation at 65oC overnight. Purify the DNA by phenol: chloroform: 

isoamyl-alcohol extraction. Measure the enriched DNA by qPCR or high-

throughput sequencing relative to the negative control. 

17. DNA elution: resuspend the beads in 3x original volume of DNase buffer 

(100 mM NaCl and 0.1% NP-40), and elute the protein with a cocktail of 

100 μg/mL RNase A and 0.1 U/µL RNase H, and 0.1 U/µL DNase I and 

incubate at 37oC for 30 minutes.  

18. To observe enriched proteins, add 0.2 volume of 5x laemmeli buffer to the 

sample and negative control, boil for 5 minutes and then separate the 

samples on an acrylamide gel. Silver stain the gel to observe the RNA-

binding proteins that are present only in the sample and not negative 

control. 

 

4 Notes 

1. If using Eppendorf tubes, prepare the tubes with a small hole in the lid to 

prevent the tube opening as the tube warms due to residual liquid nitrogen 

expanding. 

2. For storage in RNAlaterTM solution, add approximately 3 × the volume of 

RNAlaterTM : 1 × tissue.  
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3. Tissue stored in RNAlaterTM and frozen (−80°C) was defrosted just 

enough to remove the tissue from the RNAlaterTM solution prior to 

extraction. Repeated removal from storage often leads to reduced quality 

of RNA. 

4. It is very important to minimize the time between removal of the tissue 

from the plant and immersion in liquid nitrogen. 

5. The amount of tissue required to achieve acceptable yields of RNA varies 

according to the material. Tissues with a high-water content require larger 

amounts of tissue for the same yield of RNA.  

6. It is essential to grind the tissue as finely as possible and maintain the 

samples as cold as possible during grinding to avoid RNA degradation. 

7. The actual yield of purified nuclei is generally around 50% of the 

theoretical yield for the cell types we have examined. Therefore, it is 

recommended to begin with an amount of tissue that will yield at least 

double the required number of nuclei. The number of nuclei should yield 

100-200 ng of total RNA when purified by using the RNeasy Micro kit. 

8. For crosslinked chromatin immunoprecipitation experiments, starting 

tissue can be treated with formaldehyde, quenched, washed, and used 

directly in the above protocol without any alterations. 

9. Use of this protocol with other types or amounts of tissue may require 

optimization. The most important parameters seem to be the number of 

beads used per mass of tissue and the volume of solution when capturing 

the beads after nuclei binding. For larger scale purifications, the 

DynaMag-50 magnet can be used to capture beads in volumes up to 40 

mL. 
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10. If the beads were stored at -80oC, do not let them thaw without being in 

the presence of extraction buffer. It is important to ensure that the beads 

do not form a clump, where the outside of the clump is in contact with the 

buffer, but the inner beads are not. 

11. Plant tissues also contain other compounds that interfere with RNA 

extraction (such as polysaccharides, lipids, proteins). If these compounds 

are not removed in the first steps (discarded in the aqueous phase), they 

will remain through the rest of the extraction. Therefore, it is very important 

not to remove any debris or interface material during the chloroform 

extraction. 

12. The sample sheet is required to insert the sample names and adaptor 

indices used for each sample. We have selected the “Other” as the 

category followed by “FASTQ only”. This option generates FASTQ files 

only and also enables the deselection of down-stream processing steps 

like adaptor trimming, allowing trimming and mapping to be performed 

separately. 

13. The prepared PhiX library is added to the pooled amplicon libraries as an 

internal control for the MiSeq sequencing run. 

14. It is best to prepare fresh 0.2 M NaOH for the denaturation of libraries. 

15. Other binary vectors may confer different antibiotic resistance. 

16. Do not cover the plants for more than 24 hours. Excess humidity over a 

long time can yield low number of transformed plants. 

17. Resistant seedlings should be screened for the expression of target 

lncRNAs by RT-PCR using specific primers. The highest or lowest 
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expression of target lncRNAs for overexpression or knockdown 

experiments should be used for further analysis, respectively. 

18. When the solution starts to boil, stop and slowly release the vacuum. 

Repeat the vacuum infiltration until the seedlings sink to the bottom after 

the vacuum is released. Do not exceed 15 minutes total exposure time to 

the formaldehyde. 
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Abstract 

RNA has co-evolved with numerous post-transcriptional modifications to sculpt 

interactions with proteins and other molecules. One of these modifications is 5-

methylcytosine (m5C) and mapping the position and quantifying the level in 

different types of cellular RNAs and tissues is an important objective in the field 

of epitranscriptomics. Both in plants and animals bisulfite conversion has long 

been the gold standard for detection of m5C in DNA but it can also be applied to 

RNA. Here, we detail methods for highly reproducible bisulfite treatment of RNA, 

efficient locus-specific PCR amplification, detection of candidate sites by 

sequencing on the Illumina MiSeq platform and bioinformatic calling of non-

converted sites. 

 

Key words Bisulfite conversion, Epitranscriptome, Fluidigm Access Array, 

Illumina, next-generation sequencing, 5-methylcytosine 

 

1  Introduction 

Cellular RNAs can be modified, or decorated, with more than one hundred and 

twenty chemically and structurally distinct nucleoside modifications [1]. The 

emerging field of epitranscriptomics [2] has been enabled by the development of 

high-throughput mapping methods for RNA modifications, typically based on 

second generation sequencing. Transcriptome-wide positions of N1-

methyladensosine (m1A, [3-5]), N6-methyladenosine (m6A, [6,7]), 5-

methylcytosine (m5C, [8]) and pseudouridine [9] have each been reported in this 

way. To detect m5C in RNA, a range of methods have been developed, including 

the indirect (aza-IP [10], miCLIP [11]) immunoprecipitation of methylated RNA or 
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direct methods (meRIP, [7]). Of particular interest here, the bisulfite conversion 

approach previously used for DNA has been adapted to RNA [12,13]. Bisulfite 

conversion of nucleic acids takes advantage of the differential chemical reactivity 

of m5C compared to unmethylated cytosines; unmethylated cytosines are 

deaminated to uracil while m5C remains as a cytosine. 

 

The RNA bisulfite conversion method has been applied to animals and plants 

[8,14] using second generation sequencing, for example Illumina, based 

transcriptome-wide readout and mapped thousands of novel candidate m5C sites 

in a diverse array of RNAs, including mRNAs and long noncoding RNAs 

(lncRNAs). Here, we detail protocols for RNA bisulfite conversion, locus-specific 

PCR amplification of up to 2,304 amplicons, and bioinformatics calling of 

converted or non-converted sites. Sequencing of PCR amplicons is conveniently 

done on the Illumina MiSeq, as this affords multiplexing of multiple distinct 

amplicons while still achieving ample read depth for estimating the proportion of 

m5C at targeted positions. For instance, each of the 96 Fluidigm indexed adaptors 

could be assigned to a separate RNA derived from different tissues, and 96 

multiple PCR amplicons per sample could be included in the sequencing pool, 

potentially generating thousands of independent quantitative measurements of 

the m5C levels in a single MiSeq run (Fig. 1). 
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Fig. 1 Protocol overview showing the workflow for either parallel or single amplicon amplification 

for effective detection of m5C. (a) Parallel amplification and sequencing of up to 2304 amplicons 

across 48 tissues and 48 primer pairs. Forty-eight different tissues can be selected, total RNA 
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isolated and purified, spiked with MGFP in vitro transcribed control RNA and bisulphite converted. 

Bisulphite converted RNA is reverse transcribed (RT) to cDNA using gene specific RT primers 

that includes the positive control MAG5 (AT5G47480) and negative control MGFP. Target regions 

are PCR amplified using a Fluidigm Access Array Integrated Fluidic Circuit (IFC), and up to 2,304 

amplicons are harvested and eluted pools quantified. Equal concentrations of the pools are 

combined into a final pool, purified using AMPure beads, accurately quantified, PhiX control 

library spiked-in and subjected to sequencing on the Illumina MiSeq platform. (b) Single amplicon 

amplification and sequencing. A single tissue is selected, RNA isolated and purified in triplicate, 

spiked with MGFP in vitro transcribed control RNA and bisulphite converted. Bisulphite 

conversion and cDNA synthesis is the same as outlined above except that a specific target RT 

primer is used. The target amplicon is PCR amplified, triplicate amplicons are pooled, size and 

concentration is assessed on a Shimadzu MultiNA and amplicons pooled at equal concentration. 

Pooled amplicons are purified, PhiX control library spiked-in and subjected to sequencing on the 

Illumina MiSeq platform. 

 

 

2  Materials 

Prepare all solutions using RNase-free and DNase-free H2O and analytical grade 

reagents. Store and prepare all reagents at room temperature unless indicated 

otherwise. Prepare and perform bisulfite conversion, cDNA synthesis, and PCR 

amplification experiments in an RNase-free area. Follow all state or national 

safety and waste disposal regulations when performing experiments. 

 

2.1  In vitro Transcription Components 

1. phMGFP Monster Green® Fluorescent reporter vectors (Promega) 

2. HiScribe T7 Kit (NEB) 

3. TURBO™ DNase (ThermoFisher Scientific) 

4. Phase Lock Gel QuantBio (2.0 mL) (VWR) 
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5. UltraPure™ Phenol:Water (3.75:1 v/v) (ThermoFisher Scientific) 

6. Chloroform 

7. Glycogen (5 mg/mL) (ThermoFisher Scientific) 

8. Agilent RNA 6000 Nano Kit (Agilent) 

 

2.2  Sodium Bisulphite conversion components 

1. Sodium bisulfite solution: 40 % (w/v) sodium metabisulfite (Merck), 0.6 mM 

hydroquinone, final pH 5.1 (Merck). 

To prepare the sodium bisulfite solution, prepare the following: 

0.6 M Hydroquinone: Weigh 66 mg hydroquinone and place into a 1.5 

mL tube. Add H2O to 1 mL and cover in foil to protect from light! Place 

in an orbital shaker to dissolve. 

40 % (w/v) sodium bisulfite: Dissolve 4 g sodium metabisulfite in 10 mL 

H2O in a 50 mL falcon tube and vortex until it completely dissolves. Add 

10 μL 0.6 M hydroquinone to the 40 % sodium bisulfite solution, vortex, 

and adjust pH to 5.1 with 10 M NaOH. Filter the solution through a 0.2 

μm filter. Cover in foil to protect from light (see Note 1). 

2. 1 M Tris–HCl, pH 9.0 

3. Micro Bio-Spin. P-6 Gel Columns, Tris buffer (Bio-Rad) 

4. Mineral oil 

5. 75 % ethanol 

6. 100 % ethanol 

7. 3 M sodium acetate, pH 5.2 

8. 5 mg/mL glycogen (ThermoFisher Scientific) 
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2.3  cDNA synthesis components 

1. SuperScript III Reverse Transcriptase Kit (ThermoFisher Scientific) 

2. 10 mM mixed dNTPs (Roche) 

3. Single target priming- 20 μM gene specific oligo for each amplicon 

4. Pool targets priming- 48 primers at 20 μM each 

 

2.4  PCR amplicon amplification components 

1. KAPA Biosystems HiFi DNA polymerase (KAPA Biosystems) 

2. 10 mM mixed dNTPs (Roche) 

3. T0.1E (10 mM Tris, pH 8.0, 0.1 mM EDTA) 

4. Fluidigm Access Array Integrated Fluidic Circuit (IFC) 48.48 (Fluidigm)  

5. FastStart High Fidelity PCR System, dNTPack (Roche)  

6. 20X Access Array Loading Reagent (Fluidigm) 

7. 1X Access Array Harvest Solution (Fluidigm)  

8. 1X Access Array Hydration Reagent v2 (Fluidigm)  

9. Access Array Barcode primers for Illumina Sequencers-384: Single 

Direction (Fluidigm) 

 

2.5  MultiNA Microelectrophoresis System  

1. DNA-500 Kit (Shimadzu) 

 

2.6  PCR amplicon purification and Quantification 

1. Agencourt AMPure XP beads (Beckman Coulter) 

2. Library Quantification Kit (Universal) from KAPA Biosystems 
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2.7  Library sequencing components 

1. 0.2 M NaOH 

2. Illumina MiSeq Reagent Kit v3 (150 or 600 cycles) (see Note 2) 

 

3 Methods 

Carry out all procedures described below at room temperature unless otherwise 

stated. 

 

3.1  RNA extraction, purification and DNase Treatment 

Total RNA is extracted and purified directly from tissue with 1 mL of TRIzol as 

per the manufacturer’s protocol. RNA is then treated with TURBO™ DNase as 

per the manufacturer’s protocol. Assess the integrity of the RNA by using a RNA 

6000 Nano Chip on the Agilent. 2100 Bioanalyzer according to the 

manufacturer’s protocol. 

 

3.2  Generation of the MGFP In Vitro Transcript Spike-In Control 

1. Linearise the phMGFP vector by using the restriction enzyme XbaI and 

purify the linearized DNA vector according to the HiScribe T7 kit protocol. 

2. Perform in vitro transcription according to the HiScribe T7 kit protocol by 

using 1 μg of linearized DNA. An incubation period of 4 hr at 37oC with the 

kit components is sufficient. 

3. Add 2 U TURBO™ DNase and incubate at 37 oC for 30 min. 

4. Transfer the reaction to a Phase Lock Gel tube and make the volume of 

the reaction up to 100 μL with ultrapure H2O. 
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5. Add an equal volume of Phenol:Water and chloroform, shake vigorously 

for 15 s, and centrifuge at 15,000 g for 5 min. 

6. Add the same volume of chloroform as in step 5 to the tube, shake 

vigorously for 15 s, and centrifuge at 15,000 g for 5 min again. 

7. Transfer the aqueous phase to a clean 1.5 mL tube. Add 1/10 volume 3 M 

sodium acetate, 3 volumes of 100 % ethanol, and 1 μL glycogen, vortex, 

and precipitate the RNA overnight at −80 oC. 

8. Centrifuge RNA at 17,000 g at 4 oC for 60 min and carefully remove the 

supernatant. 

9. Add 1 mL 75 % ethanol to the RNA, invert 5 times and centrifuge at 7500 

g at 4 oC for 10 min (see Note 3). 

10. Carefully remove the supernatant and let the pellet air-dry for 

approximately 15 mins (see Note 4). 

11. Resuspend the RNA in 25 μL of ultrapure H2O. 

12. Optional Step- Treat 5 μg of in vitro transcribed MGFP transcript with 2 U 

TURBO™ DNase according to the manufacturer’s protocol at 37 oC for 30 

min. 

13. Assess the integrity and size of the MGFP in vitro transcripts by using an 

RNA 6000 Nano Chip on the Agilent 2100 Bioanalyzer according to the 

manufacturer’s protocol (see Note 5). 

 

3.3  Bisulphite Conversion of RNA 

1. Add 1/2000 of the MGFP RNA transcript to 2 μg DNase treated purified 

total RNA. Increase the volume of the RNA sample to 20 μL with ultrapure 

H2O. 
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2. Denature RNA by heating to 75 oC for 5 min in a heat block. 

3. Preheat the sodium bisulfite solution to 75 oC, add 100 μL to the RNA, 

vortex thoroughly, and briefly, 13K g for 1min, spin in a microcentrifuge. 

4. Overlay the reaction mixture with 100 μL of mineral oil. Cover the tube in 

aluminium foil to protect the reaction mixture from light (see Note 6). 

5. Incubate at 75 oC for 4 hr in a heat block. 

6. About 15 min before the bisulfite conversion reaction is complete, prepare 

two Micro Bio-Spin Columns for each conversion reaction by allowing the 

Tris solution in the column to drain into a collection tube. Discard the Tris 

flow-through, place the column back into the collection tube, and 

centrifuge at 1000 g for 2 min. Transfer each column to a clean 1.5 mL 

tube (see Note 7). 

7. Remove the bisulfite reaction mixture from the heat block and gently 

transfer the aqueous layer (that is under the mineral oil) containing the 

sodium bisulphite/RNA mixture to the Micro Bio-Spin column (see Note 8). 

8. Centrifuge at 1000 g for 4 min. 

9. Carefully transfer the eluate into the second Micro Bio-Spin column placed 

in a 1.5 mL tube and repeat step 8. 

10. Preheat the temperature of the heat block to 75 oC in preparation for step 

12. 

11. Add an equal volume of 1 M Tris–HCl (pH 9.0) to the second eluate, vortex, 

spin briefly, and then overlay with 175 μL of mineral oil. Cover the tube in 

aluminium foil to protect the reaction mixture from light. 

12. Incubate at 75 oC for 1 hr in the heat block. 
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13. Transfer the bottom aqueous layer containing the RNA to a clean 1.5 mL 

tube.  

14. Precipitate the bisulphite treated RNA by following steps 7-11 in section 

3.2, and resuspend the bisulfite-converted RNA in H2O (see Note 9). 

 

3.4  Bisulphite oligonucleotide primer design for cDNA synthesis and 

PCR 

1. For efficient parallel amplification of 48 target amplicons on the Fluidigm 

Access Array, use targeted cDNA synthesis to reduce amplification of 

spurious amplicons. Targeted cDNA synthesis is achieved by designing 

reverse transcriptase (RT) primers 30-40 nt 3’ of the cytosine(s) to be 

assayed. N.B. Design the RT primers such that they avoid areas of 

bisulphite-converted cytosines as inefficient BS conversion may result in 

unconverted cytosines and biasing later amplification. See Figure 2. 
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Fig 2. Overview of bisulphite conversion of RNA, reverse transcription to cDNA and PCR 

amplification. (a) In the in vitro transcribed MGFP sequence, unmodified cytosines 

(underlined) are converted to uracil, reverse transcribed (RT) by reverse transcriptase to 

cDNA and then PCR amplified. RT and PCR primers are designed to avoid stretches of 
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converted cytosines to prevent preferential amplification of converted sequences which may 

incorrectly indicate efficient bisulfite conversion. (b) In MAG5 control and other candidate 

sequences, primers are designed to span areas containing converted cytosines to 

preferentially amplify converted sequences. C3349 is methylated in Arabidopsis thaliana and 

serves as a over-conversion control. Flanking cytosines are not methylated and should be 

completly converted. Primers are designed with a Tm of 59-61oC, preferably with a 3’ G 

nucleotide and to amplify PCR products of 170-200 bp. 

 

2. Design primers for the first round of PCR amplification so that small 

amplicons are 170-200bp, to allow efficient amplification (see Notes 10 

and 11). As the G/C content in the template is low, design long primers to 

ensure a Tm is in the rage of 59-61oC. Add the CS1 sequence to the 

forward primer Gene Specific Sequence (GSS) and CS2 to the reverse 

primer GSS. For the second PCR amplification, use the forward primer 

containing the complementary sequences to the P5 Illumina flow cell 

combined and CS1 (P5_CS1) and the reverse primer containing the 

barcode, and complementary sequences to the P7 Illumina flow cell 

combined with CS2 (P7_BC_CS2) primer. (see Note 12). See Figure 3. 
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Fig 3. Overview of first and second PCR amplification of target regions. (a) For the first 

PCR, the forward PCR primer is designed with the gene specific sequence (GS) and 

universal forward tag called Common Sequence, CS1 (5’-

TACGGTAGCAGAGACTTGGTCT-3’) and reverse PCR primer is designed with the Gene 

Specific Sequence (GSS) and universal reverse tag called Common Sequence CS2 5’-

ACACTGACGACATGGTTCTACA-3’). (b) For the second PCR, the forward primer is 

designed with the CS1 and Illumina P5 sequences and the reverse primer contains the 

CS2, barcoding and Illumina P7 sequences. The Fluidigm barcodes or indexes are 10 nt 

in length. 

 

3.5  cDNA synthesis 

1. Mix 500 ng of bisulfite-converted RNA, 1 μL of 1 mM dNTP mix, 2 μL of 

10X pooled primer mix and add ultrapure H2O to a final volume of 13 μL. 

Incubate the mix at 65 oC for 5 min to denature the RNA. 

2. Reverse transcribe the bisulfite-converted RNA using the manufacturer’s 

protocol. Add either pooled 48 RT primers for parallel Access Array 

amplification or random hexamers for single PCR amplicons. 
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11. To harvest the PCR products from the Access Array follow the 

manufacture’s protocol. Once the final step is completed, eject the Access 

Array. 

12. Collect the harvested PCR products into a labelled PCR 96-well plate. 

Carefully transfer 10 μL of harvested PCR products from each of the 

sample inlets into columns 1-6 of the labelled 96-well plate by using an 8-

channel pipette.  

13. Assess PCR amplicon size and concentration after separation on a 

Shimadzu Microchip Electrophoresis System MCE®-202 MultiNA. 

14. Pool the amplicons in equimolar concentration and purify them using 

AMPure beads according to the manufacturer’s protocol. Use a ratio of 

beads to pooled amplicons of 0.9:1 to ensure binding of amplicons and not 

primer dimers or unincorporated primers (see Note 14). 

15. First estimate the DNA concentration using a Qubit dsDNA Broad Range 

Assay Kit according to the manufacturer’s protocol. Then accurately 

assess the DNA concentration by using KAPA Library Quantification Kit 

for Illumina® Platforms. Perform serial dilution of the pooled amplicons 

such that fall into the dynamic range of the assay of 5.5 – 0.000055 pg/μL. 

 

3.7  MiSeq sequencing 

1. Prepare the sample sheet using the Illumina Experiment Manager by 

following the manufacturer’s protocol (see Note 15). 

2. Dilute the library to 10 nM in EBT buffer based on the concentrations 

determined by the qPCR. From this point, keep the libraries on ice. 
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3. Dilute the PhiX control library to 2 nM by adding 8 μL EBT buffer to 2 μL 

of the 10 nM PhiX control library (see Note 16). 

4. Denature the pooled libraries and PhiX control library separately by adding 

10 μL 0.2 M NaOH to 10 μL of the 2 nM libraries (see Note 17). 

5. Vortex thoroughly to mix and centrifuge at 1000 x g for 30 seconds. 

Incubate at room temperature for 5 min. 

6. Dilute the denatured pooled libraries and PhiX control library separately to 

20 pM by adding 980 μL pre-chilled HT1 to 20 μL denatured libraries. 

7. Dilute the 20 pM pooled libraries and PhiX control library separately to 10 

pM by adding 500 μL pre-chilled HT1 to 500 μL 20 pM libraries. 

8. Combine 100 μL of the 10 pM PhiX control library with 900 μL of the 10 

pM pooled libraries and vortex to mix (see Note 18). 

9. Load 600 μL of the final sample into the cartridge. Ensure that air bubbles 

are removed by gently tapping the cartridge. 

10. Perform the sequencing run according to the manufacturer’s protocol. 

 

 

3.8  Bioinformatics analysis of data 

1. To trim the Illumina adaptor sequences that were incorporated into the 

amplicons to permit sequencing of the 150 bp paired-end reads, use 

Trimmomatic in palindromic mode [15]. 

2. Sequencing reads can be aligned with meRanTK by using Bowtie2 

internally [16]. Assemble reference sequences for the alignment by using 

the segments of RNA interrogated by sequencing prior to bisulfite 

conversion.  
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3. Extract the methylation state of individual cytosines from bisulfite-read 

alignments by using meRanCall. The number of reads can be extracted 

from the aligned sequencing reads in order to determine read coverage at 

a given cytosine. 

4. To call differentially methylated cytosines use meRanCompare. The 

number of reads can be extracted from the aligned sequencing reads in 

order to determine read coverage at a given cytosine (Fig. 4). 
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Fig 4. Representative analysis of an Illumina MiSeq amplicon sequencing of a negative and 

positive controls. (a) A region of the MGFP spiked-in in vitro control transcript showing even 

coverage and all cytosines converted (no methylation). The y axis shows the read depth and 

the x axis shows the cytosines (numbers) in the sequenced region. (b) A region of the Mag5 

gene that shows converted and a non-verted cytosine, C3349. Cytosines flanking C339 are 

completely converted, demonstrating that bisulphite conversion was very efficient. The 

heatmaps display the cytosine non-conversion percentage. 

 

Notes 

1. Slowly add 10 M NaOH dropwise to the sodium bisulfite solution while 

mixing. Slightly less than 1 mL is required to adjust the pH to 5.1. 

2. The MiSeq Reagent Kits v3 (150 or 600-cycle) provides either 1 x 150 bp 

or the 600-cycle kit allows combinations of cycles that add to 600, for 

example 200 and 400 cycles. 

3. Do not machine or finger vortex the RNA as this will increase the risk of 

RNA loss. 

4. Air-drying the samples in a sterile laminar flow hood is best. Do not allow 

the RNA to completely dry as this will cause difficulties in re-suspending 

the RNA. 

5. As the in vitro MGFP transcript will most likely be at a high concentration, 

it is good practice to perform a serial dilution in H2O such that the estimated 

concentrations are in the range of 5-50 ng/μL. Prepare and run 3 dilutions 

on the RNA Nano chip.  

6. Tilt the 1.5 mL tube at a 45o angle and then slowly pipette the mineral oil 

directly on top of the RNA-bisulphite reaction mixture. 
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7. Emptying of the Micro Bio-Spin gel column takes about 2 min. If the gel 

column does not empty by gravity, place the lid back onto the column and 

remove again. 

8. Gently pipette the reaction mixture onto the gel bed and avoid disturbing 

the gel bed. Minimize the transfer of mineral oil to the column although 

there will be traces which is unavoidable. 

9. About 25% of the RNA is lost during the procedure, and we find that 10 μL 

of H2O/2 μg RNA used in the bisulfite conversion reaction results in 

concentrations of ~150 ng/μL. 

10. Bisulphite treatment of the RNA causes significant shearing and we have 

observed that shorter amplicons are preferentially amplified over longer 

amplicons. 

11. Inefficient bisulfite conversion may result in unconverted cytosines, so it is 

important to ensure the PCR primers are not biasing the amplification 

towards converted cytosines. 

12. Longer PCR amplicons increase the tendency of detecting non-converted 

cytosines in RNA exhibiting strong secondary structure. 

13. Occasionally, not all triplicates successfully amplify and it may be 

necessary to optimise the PCR. 

14. We elute the purified PCR products in 10-30 μL depending on the amount 

of amplified PCR products. 

15. After purification of the amplicons, residual ethanol may remain in the 

purified amplicons. We find that concentrating down the pooled amplicons 

even if there is <55 μL and addition of H2O to 55 μL is best to remove as 

much ethanol as possible. 
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16. The sample sheet is required to insert the sample names and adaptor 

indices used for each sample. We have selected the “Other” as the 

category followed by “Fastq only”. This option generates fastq files only 

and also enables the deselection of down-stream processing steps like 

adaptor trimming, allowing trimming and mapping to be performed 

separately.  

17. The prepared PhiX library is added to the pooled amplicon libraries as an 

internal control for the MiSeq sequencing run. 

18. It is best to prepare fresh 0.2 M NaOH for the denaturation of libraries. 

19. Loading 10 % PhiX control library is sufficient for low-diversity libraries. 

We have previously loaded between 7 to 10 pM. Under loading of the 

libraries can give cluster densities below the optimal range and 

overloading of the libraries can give cluster densities above the optimal 

range, reducing the quality of the data. The optimal cluster density is 700–

1000 K/mm2.  
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Abstract 

Background 

Polycomb group (PcG) complexes form evolutionarily conserved multi-protein 

complexes that play critical roles in the control of developmental processes in 

plants and other eukaryotes. In Arabidopsis thaliana, the PcG repressive complex 

2 (PRC2) proteins are grouped into three distinct complexes, EMF2–PRC2 

(EMF2; EMBRYONIC FLOWER 2), VRN2–PRC2 (VRN2; VERNALIZATION 2) 

and FIS2–PRC2 (FIS2; FERTILIZATION-INDEPENDENT SEED 2). FIS2–PRC2 

is restricted to the female gametophyte and seed tissues and is essential for 

normal seed development. 

Results 

We immunoprecipitated FIS2 from endosperm tissue of developing Arabidopsis 

seeds and sequenced the associated RNAs by using Illumina sequencing. We 

identified 16,637 associated long noncoding RNAs (lncRNAs). The identified 

lncRNAs showed shorter transcripts, lower expression levels and more specific 

expression than did protein-coding genes. Additionally, with the aim of identifying 

potential regulatory target genes of PRC2-associated lncRNAs, the expression 

correlation between PRC2-associated lncRNAs and the upregulated protein-

coding genes from the fis2 mutant transcriptome was assessed. We identified 

both positive and negative correlations. Importantly, G-tract motifs were 

significantly enriched among PRC2-binding transcripts. 

Conclusion 

Thousands of lncRNAs are bound to the FIS2–PRC2 complex through the G-

tract motif to regulate gene expression in A. thaliana. In future, these PRC2-

associated lncRNAs would be beneficial for understanding the variation in gene 

regulation by FIS2–PRC2 complex in plants. 

Keywords: Arabidopsis thaliana, FIS2, G-tract motifs, H3K27me3, long 

noncoding RNA, PRC2 
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Introduction 

Transcriptome analysis of the mammalian genome has shown that although the 

proportion of protein-coding genes is only 1–2%, 70–90% of genes are 

transcribed from various regions such as intergenic or intronic regions [1–3]. This 

means that most of those transcripts (from 100 nt to >10 kb) are noncoding and 

their functions are unknown [2]. Long noncoding RNAs (lncRNAs) have a 

potential role in many regulatory processes in eukaryotes. Most lncRNAs 

participate in gene regulation by modulating transcriptional activity through the 

interaction with regulatory protein complexes such as the polycomb group 

repressive complex 2 (PRC2) complex [4–5]. These interactions regulate 

epigenetic changes at the target site [6–7]. However, the molecular action of 

lncRNAs in this context is not well understood. 

In mammals, the histone methyltransferase PRC2 is a multiple complex. It is 

made up of multiple protein (e.g. EZH2, SUZ12, EED, RBBP4 and JARID2) and 

is required for various epigenetic silencing processes during embryonic 

development and cancer cell growth [8]. In Drosophila, with the help of several 

co-factors, PRC2 is recruited to chromatin through binding to a polycomb 

response element (PRE) [9–10]. However, the exact mechanism for PRC2 

recruitment is not clear because no PRE-like elements have been reported in 

mammals [10] and the process may depend on assembling factors such as DNA 

elements, bridging proteins and lncRNAs [9–10]. Studies have demonstrated 

roles of lncRNAs in recruiting PRC2 by binding to this complex and guiding them 

to the target sites [11–15]. For example, in humans, the antisense lncRNA 

HOTAIR, transcribed from the HOXC locus, associates physically with the PRC2 

complex, modulating PRC2 activity to deposit trimethylated lysine 27 on histone 

H3 (H3K27me3) marks at the HOXD locus [12–13]. In animals, the RNA–PRC2 

interaction has been studied in vitro and in vivo [7, 9, 16]. From electrophoretic 

mobility shift assays and RNA pull-down experiments, the authors have shown 

that PRC2 proteins bind to RepA RNA more specifically than they do to non-

relevant RNA transcripts [7, 9] and cis-acting RNAs block the histone 

methyltransferase activity of PRC2 until the RNA–PRC2 complex combines with 

JARID2 [17]. Although the molecular nature of the interaction between lncRNAs 
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and PRC2 is yet to be determined, the interaction between lncRNAs and 

chromatin-modifying complexes appears to represent a general mechanism for 

epigenetic repression in animals. 

In plants, there are few reports of the functions of lncRNAs. The first intergenic 

lncRNAs to be induced by phosphate starvation was discovered in Medicago 

truncatula (Mt4), A. thaliana (IPS1, INDUCED BY PHOSPHATE STARVATION1 

and At4), tomato (Lycopersicon esculentum L.; TPSI1, TOMATO PHOSPHATE 

STARVATION-INDUCED GENE 1) and rice (Oryza sativa; OsPI1, ORYZA 

SATIVA PHOSPHATE-LIMITATION INDUCIBLE GENE 1) [18–21]. Another 

intergenic lncRNA had been reported to function during pollen development in 

rice under long-day conditions [22]. In Arabidopsis, two lncRNAs (COLD-

INDUCED LONG ANTISENSE INTRAGENIC RNA [COOLAIR] and COLD-

ASSISTED INTRONIC NONCODING RNA [COLDAIR], have been shown to 

interact with CURLY LEAF (CLF) of PRC2 during vernalisation to control 

FLOWERING LOCUS C (FLC) by promoting methylation [5–6, 23]. Recently, a 

number of lncRNAs have been shown to be differentially expressed in response 

to stress stimuli in Arabidopsis [24-25] and rice [26]. All of these reports provide 

evidence for the prominent role of lncRNAs in the regulation of plant growth, 

development and stress responses. 

Molecular studies have shown that COOLAIR and COLDAIR lncRNAs in plants 

play similar roles to those of HOTAIR and Xist noncoding RNA in animals in 

acting to recruit PRC2 complex to target chromatin [27]. These data together 

suggest that lncRNA-mediated epigenetic gene silencing by PRC2 complex may 

be an evolutionarily conserved mechanism in plants and animals. This interaction 

plays an important role in plant development; thus, understanding its molecular 

mechanisms will enhance our efforts in plant breeding and regulation of plant 

development. 

Of significant interest is the A. thaliana silique, which is developed from the ovule 

of the flower. Towards the identification of molecular mechanisms of endosperm 

development, we generated comprehensive RNA-seq datasets from 1DAP (1 day 

after pollination) siliques of HA-tagged-FIS2 transgenic lines to profile genome-

wide expression of PRC2-associated lncRNAs. In the current work, we examine 
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lncRNAs from transcriptomes of 1DAP siliques of HA-tagged-FIS2 transgenic 

lines with the aim of finding PRC2-associated lncRNAs that function in 

endosperm development. In total, we identified 16,637 lncRNAs from the PRC2-

associated lncRNA transcriptome datasets. The transcriptome analysis also 

showed that these lncRNAs have gene structure and transcription regulation that 

is similar to that of protein-coding genes. However, they also have some distinct 

features, such as (1) a large number of lncRNAs are from a single exon; (2) they 

are expressed at a low level (reads per kilobase million (RPKM) ~1); and (3) they 

are small in length (200–500 bp). With the aim of identifying potential regulatory 

target genes of PRC2-associated lncRNAs, the expression correlation between 

PRC2-associated lncRNAs and the upregulated protein-coding genes from the 

fis2 mutant transcriptome was assessed. We identified both positive and negative 

correlations. Our analysis supports observations of the PRC2-associated 

lncRNAs landscape in seed development and provides a foundation for future 

research into the function of PRC2-associated lncRNAs in A. thaliana. 

Materials and methods 

Plant materials 

A. thaliana (Columbia-0 accession) wild type and transgenic lines were grown in 

Phoenix Biosystems growth under metal halide lights as described previously 

[28]. For plate experiments, seeds were surface sterilized for 12 hours using 

chlorine gas, plated on ½ MS medium supplemented with 1% sucrose and sealed 

as described previously [29]. All plants were grown under long-day photoperiod 

conditions of 16-h light and 8-h darkness at 21oC. 

Homozygous FIS2 promoter::FIS2:HA (pFIS2::FIS2:HA) epitope-tagged 

transgenic lines were constructed by Chris Helliwell (The Australian National 

University) and transformed into Columbia wild type. Transgenic plants were 

selected on ½ MS media supplemented with 15 g ml-1 Hygromycin B. FIS2 

transcript abundance was assessed in at least five independent T1 plants using 

quantitative reverse transcription PCR (RT-qPCR) and two lines with FIS2 mRNA 

abundance similar to wild type transcript levels were carried through to 

homozygous T3 generation for molecular analysis. Siliques from pFIS2::FIS2:HA 
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or wild type were hand pollinated and harvested 1 day later for RNA 

immunoprecipitation (RIP) experiments. 

RIP and RIP-seq 

Siliques from two biological replicates of either wild type or pFIS2::FIS2:HA 1DAP 

siliques were snap frozen in liquid nitrogen and used immediately or stored at –

80oC. One g of siliques was ground to a fine powder using a mortar and pestle 

and RIP performed following the protocol described by Köster and Staiger [30] 

with several modifications. Immunoprecipitation (IP) was performed with an anti-

HA antibody (1:10,000, abcam, product code ab9110) with or without 

formaldehyde cross-linking of the ground tissue. 

To construct RIP-seq libraries, whole cell lysates were prepared from 

formaldehyde-fixed siliques, treated with 400 U ml–1 DNAse I (New England 

Biolabs ) and 20 U ml–1 RNaseOUT™ (ThermoFisher Scientific), and incubated 

with anti-HA antibodies beads (ThermoFisher Scientific) for 2 h. Total RNA was 

extracted using TRIzol (ThermoFisher Scientific). Total RNA-seq libraries were 

then constructed using a NEBNext Ultra Directional RNA library Prep Kit (New 

England Biolabs) and sequenced using an Illumina HiSeq™ 2500 in paired-end 

(PE 100) mode. 

Transcriptome detection by RNA-seq 

Adaptor and low-quality sequences of raw reads were removed using trim_galore 

with the following parameters: stringency 6, with trimmed reads then aligned 

against the A. thaliana TAIR10 genome assembly using TopHat2 with 

parameters -N 5 -- read-edit-dist 5. Aligned reads from all samples were merged 

with SAMtools and assembled using Cufflinks with the following parameters: -- 

library-type fr-firststrand -u. Assembled transcripts were filtered through our 

lncRNA identification pipeline as described previously [25]. Transcripts shorter 

than 200 nt were removed and genomic coordinates of long transcripts were 

checked against reference genes of TAIR10 and classified as either gene 

transcripts, intergenic transcripts, intronic transcripts or antisense transcripts. The 

latter three classes of transcript were selected to filter unannotated protein-coding 

potential transcripts by following two steps: 1) a sequence similarity search 
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against the Swiss-Prot protein database; and 2) prediction of open reading 

frame(s) (ORFs). 

Calculation of lncRNA conservation 

To calculate the conservation of the RIP A. thaliana lncRNAs, datasets for 

lncRNAs from other Brassicaceae plants including Brassica rapa, B. napus and 

B. oleracae were collected from CANTATAdb [31]; their genomes were 

downloaded and then aligned with the sequences of FIS2-associated lncRNAs 

using the BLASTN 2.6.0+ software on the NCBI website 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). 

RT-qPCR 

Validation RIPs were performed as described [26]. RIP was followed by 

quantitative, strand-specific RT-PCR. First-strand cDNA synthesis was carried 

out using approximately 300 ng RNA and SuperScript™ III (ThermoFisher 

Scientific). All primers used in this study are listed in Table S1 (see Appendices). 

RT-qPCR was performed in quadruplicate using the SYBR Green Mastermix 

(Roche Applied Science) on a Roche Light Cycler 480 (Roche Applied Science) 

according to the manufacturer’s instructions. Sample cycle threshold (Ct) values 

were determined and standardized relative to the input, and the 2–∆CT method 

was used to calculate the relative changes in gene expression based on the RT-

qPCR data. 

Identification of G-quadruplex-forming sequences (GQSes) 

Whole sequences of 16,637 PRC2-associated lncRNAs identified from A. 

thaliana early development siliques were used. These sequences were scanned 

using the Quadparser tool [32] for GxNy1GxNy2GxNy3Gx, where x = G2 or G3; 

y = 1/1–2/1–4 for G2 and 1–3/1–7 for G3. The different categories were defined 

as follows: loop 1–3, (G3N{1–3})3G3 with N = [ATCG], loop 1–7, (G3N{1–7})3G3 

and loop 1, (G2N{1})3G2, loop 1–2 (G2N{1–2})3G2 and loop 1–4, (G2N{1–4})3G2. 

Results 
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Identification of FIS2–PRC2-associated lncRNAs from Arabidopsis 

endosperm 

In both the plant and animal kingdoms, the evolutionarily conserved polycomb-

mediated gene repression and maintenance is important for cell identity and 

developmental processes [27, 33]. In animals, the PRC2 complex has been 

shown to interact with a large number of RNA transcripts [33] but little is known 

about the bound RNA transcripts and their functional role in plants. To address 

this important knowledge gap, we developed an IP protocol for the FIS2–PRC2 

complex from developing A. thaliana endosperm tissue and sequenced the FIS2-

bound RNAs. 

FIS2 expression is restricted to the female gametophyte and developing 

endosperm tissue in Arabidopsis [34]; therefore IP of FIS2 from whole siliques 

will lead to isolation of FIS2 from endosperm tissue. To identify FIS2–PRC2-

associated RNAs, we produced a single-insert, epitope-tagged pFIS2::FIS2:HA 

transgenic line and developed a stringent IP protocol using an anti-HA antibody. 

Briefly, we developed an IP protocol such that after IP and stringent washing from 

wild type siliques, no RNA was detected using a Bioanalyzer RNA pico chip (data 

not shown). Given that very small amounts (less than 50 pg) of RNA may have 

been present, we attempted to construct an Illumina library; after quality control 

using a Bioanalyzer DNA chip we detected no inserts in the library—only an 

adapter–adapter band (data not shown). In contrast, our positive control inserts 

were successfully cloned (data not shown). Therefore, we concluded that by 

using our stringent IP protocol, only FIS2 should be immunoprecipitated from 

pFIS2::FIS2:HA tissue and the FIS2-associated RNAs sequenced. 

We harvested biological replicates of silique tissue from transgenic plants, 

immunoprecipitated FIS2, purified the associated RNAs, constructed libraries 

and Illumina sequenced them. The bioinformatic pipeline to analyze the 

sequencing data and identify lncRNAs is outlined in Figure 1A. Briefly, sequence 

reads were aligned using TopHat2 to preserve junction reads (Table 1), then 

Cufflinks was used to assemble uniquely mapped reads into known and novel 

transcripts; these transcripts were combined by Cuffmerge and then compared 

with the reference annotation by using Cuffcompare. Based on the availability of 
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very large deep sequencing datasets, the merged transcripts were compared with 

known protein-coding genes and lncRNAs in public databases to obtain a 

minimum number of novel, false positive lncRNA transcripts (Figure 1B). We 

identified 55,627 reliably expressed transcripts and among those, 55,317 were 

longer than 200 nt. Of these 55,317 transcripts, 16,637 long transcripts were 

identified as lncRNAs not previously described in public databases (Figure 1B). 

 

Table 1. Bioinformatic analysis of FIS2-associated RNAs by RIP-seq. FIS2 

was immunoprecipitated from A. thaliana siliques and the associated RNA 

was Illumina sequenced 

Library Raw reads Trimmed reads Mapped reads 
Recovered 
reads (%) 

Replicate 1 3,574,676 3,549,515 2,694,570 75.2 

Replicate 2 3,159,591 3,023,564 2,485,340 81.9 

 

We further classified these FIS2-associated lncRNAs into antisense exonic, 

intergenic, sense intronic and antisense intronic based on spatial relationships of 

their loci with protein-coding genes (Figure 1C). Almost half (49%, or 8,239) of 

the lncRNAs were intergenic and the other 48.9% (8,136) were antisense to 

exons. A small number (131) were sense intronic lncRNAs and a similar number 

were transcribed antisense to introns (Figure 1D). 
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Figure 1. Overview of RIP-seq bioinformatic analysis and characterization of FIS2-associated 

RNAs. (A) Overview to identify FIS2-associated lncRNAs from 1DAP siliques. (B) Cuffmerged 

transcripts were placed into categories; overlapping with TAIR10 gene models (33,343 

transcripts), <200 nt (310 transcripts), homology to A. thaliana proteins (Blastx filtration, cut-off E-

value ≤0.0001, 273 transcripts), ORF filtration (ORFs >100 amino acids, 5,061 transcripts) and 

lncRNAs (16,637 transcripts). (C) Schematic classification of FIS2-associated lncRNAs into 

intergenic, intronic and exonic classes. (D) Classification of FIS2-associated lncRNAs into four 
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categories: intergenic (8,239 transcripts), sense intronic (131 transcripts), antisense intronic (131 

transcripts) and antisense exonic (8,136 transcripts). 

Characterization and validation of FIS2-associated lncRNAs 

These FIS2-associated lncRNAs have the following characteristics: (1) like 

protein-coding genes, they are distributed across the five chromosomes with the 

highest density at the ends of chromosomes (Figure 2B); (2) most have only one 

or two exons (Figure 2A); (3) they are generally shorter than protein-coding 

transcripts (Figure 2A); and (4) they have a lower level of expression than protein-

coding genes, based on RPKM values (Figure 2A). 

We next validated lncRNA–PRC2 interactions by performing RIP-qPCR for five 

PRC2-associated lncRNAs (LNC_23526, LNC_23618, LNC_28194, LNC_29066 

and LNC_34938); LNC_11274 from outside the PRC2 transcriptome served as a 

negative control. We found that candidate PRC2-associated lncRNAs are 

significantly enriched in the HA-tagged FIS2 transgenic lines relative to anti-HA 

antibody pull-out (Figure 2C & 2D). The negative control showed a band only in 

input and output lanes, not in the RIP lanes (Figure 2D). 
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Figure 2. Characterization and confirmation of FIS2-associated lncRNAs. (A) Transcript 

properties of FIS2-associated lncRNA identified by RIP-seq. (B) Chromosomal distribution of 

FIS2-associated lncRNAs (red line) and gene models (blue vertical lines). (C) Detection of five 

FIS2-associated lncRNAs by RT-qPCR after anti-HA IP from wild type (WT) or FIS2:HA 

transgenic siliques. (D) Confirmation of LNRNA_11274 not associated with FIS2 (Trung Do et al., 

in preparation) and FIS2–PRC2-associated LNCRNA_23526 by RT-qPCR. RT-qPCRs were 
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performed on two biological and three technical replicates. Error bars indicate ±se of the mean. 

P-values were calculated using Student’s t test. Asterisks denote p < 0.05. 

Conservation analysis of lncRNA–PRC2 interactions 

The FIS2–PRC2 complex is specifically expressed in the endosperm and is 

required for its development [34]. Thus, we first analyzed the conservation of the 

PRC2 transcriptome by blasting against the genomes of Brassicaceae plants (B. 

rapa, B. napus and B. oleracae) reported to have FIS2–PRC2 expression. 

Interestingly, 25, 33 and 21 PRC2-associated lncRNAs were found to share 

similarities with certain sequences in these respective plant genomes (E-

value < 0.001). These numbers mean that around 1% of PRC2-associated 

lncRNAs have potential conserved homologues. Therefore, the evolutionary 

conservation of PRC2-associated lncRNAs is low. 

In fact, the homologue sequences in other species may or may not encode 

lncRNAs. Therefore, we proposed to determine whether PRC2-associated 

lncRNAs are homologous to lncRNAs already identified in these species. 

Currently, 4,884, 4,403 and 8,594 lncRNAs have been identified in B. rapa, B. 

napus and B. oleracae, respectively [31]. A total of 16,627 PRC2-associated 

lncRNAs were blasted against the lncRNAs from those plants, and only two 

PRC2-associated lncRNAs (LINC.CUFF.14243.1 and LINC.CUFF.28728.1) 

were found to share similarity—with CNT0028501 and CNT0032006, 

respectively, in B. napus (Table 2). There were no homologues found in B. rapa 

or B. oleracae. 

Table 2. Identification of conserved lncRNAs in related species 

Number of FIS2–PRC2-
associated lncRNAs 
with homologues in 
other species# 

Total lncRNAs 
in other 
species 

Species Reference for 
lncRNA identification  

0 4,884 Brassica rapa Szcześniak et al., 
2016 

 
2 4,403 Brassica napus 

0 8,594 Brassica oleracae 

# The number of FIS2-PRC2-associated lncRNAs with homologues in other species was 

determined by aligning the 16,627 FIS2–PRC2-associated lncRNAs as queries against the target 

species’ lncRNAs (column 3). The blast E-value cut-off was <0.001. 
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Functional predictions 

We next tested the cis-acting functions of PRC2-associated lncRNAs with respect 

to neighbouring PRC2 target genes by analyzing the RIP-seq data in relation to 

a hallmark of FIS2–PRC2 activity, H3K27me3. The endosperm H3K27me3 

profile was reported by Weinhofer et al. [34], who identified 1,773 H3K27me3 

target genes in endosperms. We compared those genes with genes that have 

PRC2-associated lncRNAs located within 5 kb of their 5'UTR (UTR; untranslated 

region) or 3'UTR. The results showed that 522 genes overlapped between those 

datasets (Figure 3A), suggesting proposed functions for lncRNAs in recruiting 

FIS2–PRC2 complexes to the H3K27me3 target genes. A similar function has 

been reported for the plant lncRNA COLDAIR during vernalisation [5–6, 23]. 

Further analysis of the overlapping genes showed that 67% were located near 

the 5' end; the proportion of those at the 3' end was 33% (Figure 3B). This led us 

to hypothesize a cis-acting role of 5’-end PRC2-associated lncRNAs in PRC2 

recruitment, adding H3K27me3 marks on neighbouring genes, which are 

upregulated upon loss of FIS function in 3DAP and 6DAP fis2 mutant [34]. 



 

122 
 

 

 

Figure 3. Bioinformatics analysis of PRC2-associated lncRNAs. (A) Overlap between protein-

coding genes close to PRC2-associated lncRNAs and H3K27me3 target genes. (B) Proportion of 

overlap between protein-coding genes close to PRC2-associated lncRNAs and H3K27me3 target 

genes. (C) Correlation of upregulated H3K27me3 target genes with the protein-coding genes that 

have lncRNAs located at their 5' end. 

To demonstrate this hypothesis, we firstly used publicly available datasets and 

bioinformatics methods to compare the protein-coding genes that have PRC2-
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associated lncRNAs located at their 5' end with upregulated H3K27me3 target 

genes in 3DAP and 6DAP fis2 mutant [34]. We showed that 339 genes close to 

the PRC2-associated lncRNAs did not overlap with data from the fis2 mutants; 

only one gene (AT4G29640) appeared in all three datasets; and four and four 

genes overlapped with datasets from the fis2 mutant at 3DAP and 6DAP, 

respectively (Figure 3C).  

Further, the functions of those nine overlapping genes were also described 

(Table 3). The data showed that most of the overlapping genes are encoded for 

enzymes that play important roles during seed development. For example, 

GDSL-motif lipase/hydrolase family protein preferentially hydrolyse the major 

component of endosperm cell walls, callose, [35] suggesting that for successful 

endosperm cellularization the enzymes degrading cell wall need to be silenced. 

 

Table 3. Genes overlapping with RIP-seq lncRNAs, H3K27me3 and 

upregulated in fis2 seeds at 3DAP and 6DAP [34] 

DAP Locus Description 

3 

AT1G76500 DNA-binding family protein  

AT2G25450 2-oxoglutarate-dependent dioxygenase, putative  

AT2G25700 ARABIDOPSIS SKP1-LIKE 3  

AT3G59010 Pectinesterase family protein  

3 and 6 AT4G29640 Cytidine deaminase, putative  

6 

AT1G03445 BRASSINOSTEROID-INSENSITIVE 1 suppressor 1  

AT1G73610 GDSL-motif lipase/hydrolase family protein  

AT1G75900 Family II extracellular lipase 3  

AT1G76290 AMP-dependent synthetase and ligase family protein  

 

Moreover, the relative location of those nine overlapping genes (Table 3) with 

respect to 5'-end PRC2-associated lncRNAs and H3K27me3 marks in the wild 

type genome were also confirmed. The results showed that the lncRNAs located 

at the 5' end of those H3K27me3 target genes and H3K27me3 marks were 

distributed along the location of H3K27me3 target genes (data not shown). Two 
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H3K27me3 target genes (AT1G73610 and AT1G03445) and two 5'-end PRC2-

associated lncRNAs (LNC_12840 and LNC_528) are included as representatives 

in Figure 4. 

 

Figure 4. Relative location of genes overlapping with RIP-seq lncRNAs, H3K27me3 and 

upregulated in fis2 seeds at 3DAP and 6DAP. PRC2-associated lncRNAs (green colour), 

lnc_12840 (panel A) and lnc_528 (panel B), located at the 5' end of PRC2_target genes 

(AT1G73610 (panel A) and AT1G03445 (panel B)). Histone modification marks, H3K27me3 (blue 

colour), appear along PRC2_target genes. Mutants for those 5END-lncRNAs were 

FLAG_269H08 and SALK_095819 (inverted triangle), respectively. 

Next, we proposed that mutation in 5’-end of our PRC2-associated lncRNAs 

would result in the upregulationof target genes (described in Table 3) in mutants. 

We firstly identified transfer DNA (T-DNA) mutants that could knockdown the 

expression of those 5'-end lncRNAs and checked the expression of those 

lncRNAs in these T-DNA mutants by RT-qPCR. As we expected, the results 

showed that T-DNA insertion led to a transcript reduction in those 5'-end PRC2-

associated lncRNAs (Figure 5). 
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Figure 5. Validation of lncRNAs located at the 5' end of H3K27me3 target genes in mutants for 

candidate lncRNAs. RT-qPCR analysis of nine lncRNA candidates (lnc_13344, lnc_528, 

lnc_13468, lnc_13393, lnc_32863, lnc_12840, lnc_17992, lnc_19163, lnc_17943) located at the 

5' end of overlapped genes was carried out using material from WT and mutants for those lncRNA 

candidates. ACTIN1 was used as an experimental control. RT-qPCRs were performed on two 

biological and three technical replicates. 

Secondly, we measured the mRNA abundance from overlapping genes (see 

Table 3) in mutants of 5'-end PRC2-associated lncRNAs using RT-qPCR. The 

results are shown in Table 4. 
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Table 4. Relative expression of overlapping H3K27me3 target genes in 

mutant lines for PRC2-associated lncRNAs located at the 5' end of those 

target genes 

DAP 
H3K27me3 
target genes 

5END-
lncRNAs 

Mutants of 
5END-lncRNAs 

Relative  
fold change 
(±se) 

3 

AT1G76500 LNC_13468 Salk-497543 0.65±0.315 

AT2G25450 LNC_17943 Flag-205A06 14.27±0.16 

AT2G25700 LNC_17992 Fag-395F03 2.78±0.115 

AT3G59010 LNC_32863 Salk-038231 0.20±0.275 

AT4G29640 LNC_19163 Flag-497A02 2.10±0.31 

6 

AT4G29640 LNC_19163 Flag-497A02 1.48±0.215 

AT1G03445 LNC_528 Salk-095819 38.98±0.07 

AT1G73610 LNC_12840 Flag-269H08 128.00±0.175 

AT1G75900 LNC_13344 Salk-102768C 14.27±0.215 

AT1G76290 LNC_13393 Salk-058251 6.25±0.115 

 

As we expected, the data showed that all overlapping H3K27me3 target genes 

in 6DAP siliques were upregulated compared with wild type, with fold change 

values ranging from 1.48 for AT4G29640 to 128.00 for AT1G73610. However, 

the expression of overlapping H3K27me3 target genes in 3DAP siliques showed 

a fluctuated change relative to those in the wild type; AT2G25700, AT2G25450 

and AT4G29640 expression were upregulated (fold change 2.78, 14.27 and 2.10, 

respectively), while  AT1G76500 and AT3G59010 expression were 

downregulated (fold change 0.65 and 0.2 respectively).  

Collectively, the data indicated that the expression of overlapping H3K27me3 

target genes (Table 3) in T-DNA lines is consistent in 6DAP siliques but 

inconsistent in 3DAP, with their expression in fis2 mutants. This suggests a 

possible cis-acting mechanism for predicted lncRNAs in regulating their 

neighbour genes by binding and guiding the FIS2–PRC2 to the target sites. 
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Targeting of PRC2 to RNA by short repeats of consecutive guanines 

The next question in our study: whether the binding motif is so common that it 

occurs at a similar frequency in all PRC2-associated lncRNAs. Notably, in 

humans, Wang et al. [16] reported that PRC2 has a high affinity for folded guanine 

quadruplex (G-quadruplex) RNA structures and a motif for PRC2-binding RNA 

composed of short repeats of consecutive guanines. This led us to hypothesize 

that this motif should be commonly detected in our A. thaliana PRC2-associated 

lncRNAs. To address this, the sequences of 16,637 PRC2-associated lncRNAs 

were scanned for the presence of putative GQSes. We searched for two or three 

G-repeats with loop length varying from 1 to 1–3, 1–4 or 1–7 bp (i.e., G2L1, 

G2L1–2, G2L1–4, G3L1–3 and G3L1–7). The results showed that G2L1–4-type 

GQSes were most commonly detected, followed by G2L1–2, G2L1, G3L1–7 and 

G3L1–3 types (Table 5). 

 

Table 5. Number of putative G-quadruplex motifs and motif-containing 

transcripts identified in 16,627 FIS2–PRC2-associated lncRNAs 

 G2L1 G2L1–2 G2L1–4 G3L1–3 G3L1–7 

No. of putative G-quadruplex 
motifs 

1,896 3,941 11,701 138 545 

No. of transcripts for each 
motif group 

1,642 3,225 7,670 136 488 

 

The number of G2L1–4-type GQSes identified was the highest (11,701), while 

G3L1-3 GQSes were the least common of all GQSes, at only 138 (see Table 5). 

Notably, more than 90% of the GQSes identified were G2 type; G3 type 

constituted less than 7% of the total identified GQSes. In addition, the number of 

transcripts containing G2L1-4 type GQSes was the highest (7,670 transcripts), 

while the ones containing G3-L1-3 types was the least (136 transcripts). 

Overall, our results suggest that G2L1–4 might be a motif in PRC2-binding sites 

on identified PRC2-associated lncRNAs in A. thaliana. 
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Discussion 

Next generation sequencing technologies are very powerful for studying the 

genome, transcriptome or epigenome of any organism. Plant lncRNAs have been 

systemically identified in some species [25, 36-40] but most plant transcriptome 

sequencing data have not been fully explored, leading to the continued lack of 

understanding of the functions of novel lncRNAs, which may have important roles 

in a wide range of biological processes [41].  

Recently, the significance of lncRNA–protein interactions has been better 

understood with respect to molecular mechanisms in some biological processes 

(see Table 2 in Chapter 1). In humans, Khalil et al. [42] used RIP-chip 

experiments to show that around 20% of the 3,300 lncRNAs expressed in various 

cell types are bound by SUZ12 or EZH2, two well-known core subunits of PRC2. 

A similar method was used in mouse embryonic stem cells and approximately 

9,000 lncRNAs associated with PRC2 were identified [33]. In this paper, we used 

a strict computational pipeline and identified 16,637 novel PRC2-associated 

lncRNAs from 1DAP siliques using a set of A. thaliana next generation RIP-seq 

data. The novel A. thaliana PRC2-associated lncRNAs had lower expression 

levels compared with the mRNAs, which was consistent with previous findings in 

other species [43-45]. Our conservation analysis showed that among the 16,637 

PRC2-associated lncRNAs, only two had homologues in Brassica napus. This 

low level of conservation might be caused by several factors. (1) Current plant 

lncRNA databases mainly provide nucleotide sequences that are insufficient for 

conservation of lncRNAs, which may be conserved by structure through species. 

(2) During lncRNA evolution, each species themselves may have had specific 

mechanisms to adapt to their habitat; for example, lncRNAs may have short 

conserved motifs that are not easily identified by BLAST [46] or lncRNAs might 

encode for small interfering RNAs that are less constrained in other parts of 

transcripts [43, 46]. (3) There may be factors that affect the formation of a large 

family with homologous genes: for example, PRC2-associated lncRNAs may 

interact directly with PRC2 through a conserved secondary structure [16, 23, 47]. 

In addition, the RT-qPCR results showed that the candidate PRC2-associated 

lncRNAs are significantly enriched in the HA-tagged FIS2 transgenic lines relative 
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to anti-HA antibody pull-out. These results provide further evidence that 

prediction accuracy was sufficient. 

Many studies have shown that tissue-specific lncRNAs usually have special 

functions [36, 48], and the lncRNAs of higher species primarily play the biological 

role of cis-regulation of neighbouring genes [36, 49-51]. In the size range of 

around 5 kb, we found that 7,988 of 8,239 lncRNA loci had neighbouring protein-

coding genes. Therefore, we predicted that the function of these lncRNAs was in 

PRC2 recruitment, based on the analysis of the H3K27me3 profile of their 

adjacent coding genes. The results revealed 522 adjacent coding genes that 

were targets of FIS2–PRC2 complexes but that only around 7 of these might have 

a cis-acting mechanism in regulating the expression of neighbouring genes by 

PRC2 recruitment. 

This small number of H3K27me3 target genes being regulated by interaction of 

lncRNAs and PRC2 might be because (1) PRC2-associated lncRNAs have 

multiple functions during developmental stages in which the H3K27me3 marks 

are associated with active transcription [33, 52]; (2) there are different factors 

playing roles in PRC2 recruitment to targets, such as DNA-binding transcription 

factor [53-54] or small RNAs [55-56]; (3) FIS-target genes have stable 

expression, meaning that polycomb group target genes could be marked by 

secondary epigenetic modification upon loss of FIS function, or could be 

suppressed not only by FIS-mediated H3K27me3 but also by other epigenetic 

modifications that were not removed in the fis2 mutants; or (4) the PRC2 target 

genes might be recognised by specific structures that might not be marked by 

histone modification, such as G-quadruplex structure [16]. 

Many models have been used to explain lncRNA function whereby lncRNAs have 

roles as cis-acting or trans-acting factors to regulate genes at or outside sites 

where they are transcribed, respectively. In this paper, we suggest a cis-acting 

model for five lncRNAs from PRC2-associated lncRNAs in 6DAP siliques 

because of the correlation in gene expression between fis2 mutants and mutants 

for 5’ end PRC2-associated lncRNAs (Table 4). This model is consistent with 

another study in which the coordination of lncRNAs and chromatin-modifying 

PRC2 to target chromatin FLC was reported [57]. However, several questions 
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remain unanswered: (1) we do not know if there are other proteins involved in 

FIS2–PRC2 recruitment to target chromatin because lncRNAs might act as 

scaffolds for multiple protein components in this process [58]. For example, the 

lncRNAs were reported to directly interact with proteins to target chromatin-

modifying complexes and guide them to target sites [57-59]. Hence, the 

identification of the parts of lncRNAs that act as functional motifs is required; (2) 

lncRNA structure has been reported to play an important role in identifying 

functions of lncRNAs from plants [57] and animals [60-63]. Therefore, it is 

important to determine the structure of PRC2-associated lncRNAs that enables 

them to bind with a chromatin-modifying complex and its target sites. 

G-quadruplex structure is one of a variety of three-dimensional structures of DNA 

inside a cell [64-65]. It is one of the non-canonical four-stranded structures that 

are made up of multiple Hoogsteen base-paired Guanine-quartets stacked on top 

of each other [65]. Enrichment of G-quadruplex structures has been found in 

functional regions of the genome and has been shown to regulate gene 

expression and translation [66-67]. Recent experiments have established the 

formation of G-quadruplexes in DNA and RNA in eukaryotic cells [16, 66-67] and 

plant [68-70]. Interestingly, subsequent results from our sequence and structure 

analysis showed that G2L1-4 structure might play a significant role in the 

interaction of lncRNAs with the PRC2 complex in A. thaliana. In addition, our 

result also showed that GQSes with a loop length of 1–3 bp make up the highest 

proportion, followed by GQSes with loop lengths of 4–5 bp or 6–7 bp. This result 

is consistent with previous results [70-71] in which G-quadruplexes with shorter 

loop lengths are more stable than those with longer loop lengths. Further, our 

results showed that the G2 type was detected more often than the G3 type in the 

identified lncRNAs, suggesting the PRC2-binding RNA motifs might contain two 

consecutive guanines. This is consistent with previous results where GQSes in 

RNA have the potential for transcriptional, translational or mRNA stability 

regulation [66-70]. Overall, while the actual function of RNA binding by PRC2 is 

still under investigation by many groups, our finding of low-complexity motifs of 

short G-tract repeats on PRC-associated lncRNAs provides a means for RNA-

mediated regulation of PRC2 in plants. 
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Lessons from the experimentally functional characterization of some plant 

lncRNAs indicate the importance of lncRNAs in plant growth and development 

[36, 48-51]. This has led to the rapid development of genome-wide identification 

of plant lncRNAs. However, the functional characterization of lncRNAs is lagging 

far behind and predictions are based on limited methods, including co-expression 

networks [72], microRNA regulation [73], protein binding [74], epigenetic 

modification [75] and adjacent gene functions [76]. In this study, we used a 

method based on epigenetic modification of adjacent genes. Because functional 

prediction is made via bioinformatics, verification through biological experiments 

is required to accurately identify the functions of lncRNAs. Their important roles 

in plant growth and development will be uncovered gradually as biotechnology 

development continues and more information is published about lncRNAs. 
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Abstract 

Background: Human nutrition is mainly derived from cereal grains or pulses. 

Therefore, studying the genetic mechanisms that control seed size is important 

as it may allow us to modify the regulators to increase final seed size and nutrient 

intake. While many protein-coding genes have been identified to have an 

important function in seed development, the roles of non-coding RNAs are largely 

unexplored. A few long non-coding RNAs (lncRNAs) have been shown to play 

important regulatory roles in post-transcriptional and transcriptional regulation, 

but most have no clear functional role. No lncRNAs have yet been demonstrated 

to play a functional role in seed development in plants. 

Results: We purified Arabidopsis thaliana endosperm nuclei 24 h after pollination 

using the INTACT protocol, deep-sequenced the RNA and identified 31,608 

transcripts. Of these transcripts, 615 were annotated as lncRNAs, of which more 

than 80% contained a single exon and were shorter than 400 nucleotides. We 

determined the tissue expression pattern of five of these lncRNAs using Fluidigm 

arrays and demonstrated they were tissue-specifically expressed. Next, we 

knocked down one of these—the nuclear-specific, antisense LNCRNA_1246—

using strand-specific artificial microRNAs and found that mutant plants had 

smaller cells and organs, including seeds. Finally, using reciprocal crosses, we 

demonstrated that LNCRNA_1246 acts maternally to control seed size by 

possibly regulating outer integument cell size. 

Conclusions: Our data are the first to demonstrate that a lncRNA can control 

cell and organ size in plants. 

Keywords: Arabidopsis thaliana, cell size, integument, long non-coding RNA, 

maternal effect, seed size. 

Introduction 

Humankind is facing increasing food insecurity because of overpopulation, 

climate change and the increasing demand for fertile land to raise biofuel crops. 

Therefore, a major challenge for the 21st century is to successfully apply our 

current knowledge and new approaches to sustainably increase crop yields. As 
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60% of the calories that humans consume come from cereal grains and a 

significant proportion of amino acids are derived from pulse grains, understanding 

the mechanisms that regulate endosperm development and final seed size are of 

fundamental importance in addressing food security. One useful model plant to 

study seed development is Arabidopsis thaliana, as plants are easily cultivated, 

there are extensive genetic and community resources and plants are easily 

transformed. To date, only a handful of genes have been reported to have direct 

involvement in determining Arabidopsis seed size [1–8]. 

Flowering plant seeds are derived from two fertilization events that often occur 

deep within the female gametophyte: one sperm cell fertilizes the egg cell to form 

the embryo, and the second sperm cell fertilizes the central cell to produce the 

endosperm. The endosperm usually surrounds the embryo and in turn is 

enclosed within the ovule integument. Therefore, producing a mature three-

dimensional seed requires coordinated cell division, cell expansion and inter-

cellular communication during seed development [9]. 

Endosperm and embryo development is also under epigenetic control [10-12]. 

Mutations in FERTILIZATION-INDEPENDENT SEED 2 - POLYCOMB 

RECESSIVE COMPLEX 2 (FIS2-PRC2) genes result in autonomous and 

excessive endosperm development and seed abortion [11-12]. In fis mutant 

seeds, embryos arrest at the heart stage and endosperm cells do not cellularize, 

resulting in additional cell proliferation during late development than in wild type 

[11-12]. The FIS–PcG complex in Arabidopsis consists of four proteins—MEDEA 

(MEA), FERTILIZATION-INDEPENDENT ENDOSPERM (FIE), 

FERTILIZATION-INDEPENDENT SEED2 (FIS2), and MULTI-COPY OF IRA1 

(MSI1)—that control endosperm development through depositing repressive 

H3K27me3 histone modifications at imprinted loci [10]. Regulatory non-coding 

RNAs associated with FIS–PcG were explored by Trung Do et al. (in prep); 

however their function is still to be fully elucidated. 

To identify non-coding RNAs transcribed early in endosperm development, we 

constructed a transgenic A. thaliana line expressing the INTACT fusion protein 

under the control of the MATERNALLY EXPRESSED PAB C-TERMINAL (MPC) 

promoter in developing endosperm cells. After purification of endosperm nuclei 
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24 h after pollination and Illumina sequencing, we identified 615 novel lncRNAs. 

Knockdown of one lncRNA, LNCRNA_1246, resulted in decreased seed size by 

reducing the outer integument cell size. Via reciprocal crosses we also 

demonstrated that LNCRNA_1246 acts maternally to control seed size. Further, 

we showed that all tested cells and organs were smaller than wild type. 

Materials and methods 

Plant materials 

A. thaliana (Columbia-0 accession) wild type and transgenic lines were grown in 

Phoenix Biosystems growth under metal halide lights as previously described 

[13]. For plate experiments, seeds were surface sterilized for 12 h using chlorine 

gas, plated on ½ MS medium supplemented with 1% sucrose and sealed as 

previously described [14]. All plants were grown under long-day photoperiod 

conditions of 16 h light and 8 h darkness at an ambient temperature of 21oC. 

Homozygous MPC promoter::nuclear targeted fusion (pMPC::NTF) transgenic 

lines were constructed by Ashley Jones (The Australian National University) and 

transformed into Columbia wild type. Transgenic plants were selected on ½ MS 

media supplemented with 15 g ml-1 hygromycin B. NTF transcript abundance 

was assessed in at least five independent T1 plants using quantitative reverse 

transcription PCR (RT-qPCR) and two lines with NTF mRNA abundance similar 

to wild type transcript levels were carried through to the homozygous T3 

generation for molecular analysis. Siliques from pMPC::NTF or wild type were 

hand pollinated and harvested 1 day later for nuclei purification and RNA isolation 

experiments. 

RNA isolation and library construction for RNA-seq 

Siliques from two biological replicates of either wild type or pMPC::NTF 1 DAP (1 

day after pollination) plants were snap frozen in liquid nitrogen and used 

immediately or stored at –80oC. One gram of siliques was ground to a fine powder 

using a mortar and pestle and their nuclei purified as previously described [15-

16]. 
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To construct RNA-seq libraries, whole cell lysates were prepared from 

formaldehyde-fixed siliques, treated with 400 U/ml DNAse I (NEB) and 20 U/ml 

RNaseOUT™ (ThermoFisher Scientific) and incubated with streptavidin beads 

(ThermoFisher Scientific) for 30 min. Total RNA was extracted using TRIzol 

(ThermoFisher Scientific) and rRNA was removed using the Ribo-Zero rRNA 

Removal Kit (Plant Seed/Root) (Ilumina®, product code MRZSR116). Strand-

specific RNA-seq libraries were constructed using the NEBNext Ultra Directional 

RNA library prep kit (NEB) and sequenced using an Illumina HiSeq™ 2500 in 

paired-end (PE100) mode. 

Transcriptome detection by RNA-Seq 

Adaptor and low-quality sequences of raw reads were removed using trim_galore 

with the parameter -- stringency 6, and trimmed reads were then aligned against 

the A. thaliana TAIR10 genome assembly using TopHat2 with the following 

parameters: -N 5 -- read-edit- dist 5. Aligned reads from all samples were merged 

with SAMtools and assembled using Cufflinks with the following parameter: -- 

library-type fr-firststrand -u. Assembled transcripts were filtered through our 

lncRNA identification pipeline as previously described [17]. Transcripts shorter 

than 200 nucleotides (nts) were removed and genomic coordinates of long 

transcripts were checked against reference genes of TAIR10 and classified into 

either gene transcripts; intergenic transcripts; intronic transcripts; or antisense 

transcripts. The latter three classes of transcript were selected to filter 

unannotated protein-coding potential transcripts using the following two steps: 1) 

sequence similarity search against the Swiss-Prot protein database; and then 2) 

predicted open reading frame(s) (ORF). 

Quantitative reverse transcription PCR 

Validation of expression was performed as described [14]. Nuclei purification was 

followed by quantitative, strand-specific RT-PCR (RT-qPCR). First-strand cDNA 

synthesis was carried out with approximately 300 ng RNA using the 

SuperScript™ III (ThermoFisher Scientific). All primers used in this study are 

listed in Table S1. RT-qPCR was performed in quadruplicate using the SYBR 

Green Mastermix (Roche Applied Science) on a Fluidigm BioMarkTM HD 
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(Fluidigm®) according to the manufacturer’s instructions. Sample cycle threshold 

(Ct) values were determined and standardized relative to the input, and the 2–∆CT 

method was used to calculate the relative change in gene expression based on 

the RT-qPCR data. 

Plasmid construction and generation of transgenic plants 

The artificial microRNA (amiRNA) sequences used for the strand-specific 

knockdown of lncRNAs were synthesized by Integrated DNA Technologies and 

cloned into Gateway entry vector pENTR/D (ThermoFisher Scientific) according 

to the manufacturer’s instructions. Inserts were Sanger sequenced and then 

cloned into the destination vector pLEELA using the Gateway cloning system [18] 

by following the manufacturer’s instructions. The resulting constructs were driven 

by the strong CaMV35S promoter. The constructs were transformed into 

Arabidopsis wild type Col-0 plants by the Agrobacterium tumefaciens-mediated 

floral dip method [19]. Transgenic plants were selected on soil by spraying with 

BASTA (120 mg/L). In transgenic lines, amiRNA transcript abundance was 

assessed in at least five independent T1 plants using RT-qPCR, and two lines 

showing the highest amiRNA transcript levels were carried through to the 

homozygous T3 generation for phenotypic and molecular analysis. 

Cross-pollination experiments 

For reciprocal crosses between individual Arabidopsis plants, the anthers were 

emasculated before bud opening and covered with ClingWrap (Glad® Foil) for 36 

h until the stigma was mature, to generate the female parent. Mature pollen from 

the pollen donor parent was applied to receptive stigmas under a dissecting 

microscope. After pollination, female parents were returned to the plant growth 

chambers. 

Mature seed weight measurements 

The mature seeds were separated from the dry siliques using a sieve and the 

seeds were stored for 2 weeks in a sealed container with silica before weighing. 

Three batches of 100 seeds were weigh using an electronic scale (AG204 

DeltaRange®, product model AG204DR). 
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Confocal laser-scanning microscopy 

To measure outer integument cell size of the ovules, the ovules before and 1 

DAP were fixed with 4% glutaraldehyde and cleared with benzyl benzoate: benzyl 

alcohol (2:1 v/v). Images were taken using an Olympus FV3000 confocal laser-

scanning microscope. Excitation wavelengths were 488 nm for green fluorescent 

protein (GFP) and a collection range of 488–700 nm was used. Cell area 

measurements were performed using imageJ. The measured area were 

converted into cell volume using the Microsoft Excel 2016 software. 

Results 

Transcriptome-wide identification of lncRNAs from Arabidopsis 

endosperm nuclei 

In both the plant and animal kingdoms, it is becoming clearer that the non-coding 

RNA regulatory network is important for cell identity and developmental 

processes [20]. However, the identity and functional roles of lncRNAs in plant 

endosperm development are largely unknown. To address this important 

question, we applied a purification protocol for nuclei from early stages of 

endosperm development of A. thaliana and sequenced the RNAs. 

To purify endosperm nuclei, we used the INTACT system [15-16]. In Arabidopsis, 

MPC expression is restricted to the female gametophyte and developing 

endosperm tissue [21]; using the MPC promoter to drive the NTF protein led to 

labelling of endosperm nuclei. The labelled nuclei were subsequently biotinylated 

in vivo and purified from the total nuclear pool by virtue of the high-affinity 

interaction between biotin and streptavidin [12-13]. We produced a single insert, 

pMPC::NTF transgenic line and applied a stringent purification protocol using 

streptavidin-coated magnetic beads as described previously [12-13]. Briefly, after 

applying our stringent purification protocol to wild type siliques, no 4′,6-diamidino-

2-phenylindole (DAPI)-stained nuclei were detected using fluorescence 

microscopy (data not shown). To demonstrate that no substantial contaminating 

RNA was associated with the beads, we constructed an Illumina library; however, 

no inserts were detected between the adapters after Bioanalyzer analysis. In 
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contrast, after applying the purification protocol to pMPC::NTF siliques, many 

DAPI-stained nuclei were detected among the streptavidin-coated beads. 

Therefore, we concluded that using our purification protocol and stringent 

washes, only NTF-labelled endosperm nuclei would be purified, and associated 

RNAs sequenced. 

We harvested biological replicates of silique tissue from transgenic pMPC::NTF 

plants (Figure 1A), purified the endosperm nuclei, isolated and purified the 

associated RNAs, constructed libraries and Illumina sequenced the libraries. The 

sequenced libraries were analyzed by our bioinformatic pipeline to annotate the 

lncRNAs (Figure 1B). Briefly, sequence reads were aligned using TopHat2 to 

preserve junction reads (Table 1) and then Cufflinks was used to assemble 

uniquely mapped reads into known and novel transcripts. These transcripts were 

combined using Cuffmerge and then compared with the reference annotation 

using Cuffcompare. Based on the huge availability of deep-sequencing datasets, 

the merged transcripts were compared with known protein-coding genes and 

lncRNAs in the public databases to obtain a minimum number of novel, false 

positive lncRNA transcripts (Figure 1C). We identified 35,097 reliably expressed 

transcripts and among them, 34,531 were longer than 200 nt. Of these 34,531 

transcripts, 615 were identified as lncRNAs not previously described in public 

databases (Figure 1C). 

 

Table 1. Bioinformatic analysis of endosperm-associated RNAs by RNA-

seq. Endosperm nuclei were purified from A. thaliana siliques and the 

associated RNA was Illumina sequenced 

pMPC::NTF 
samples 

Raw reads Cleaned reads Mean length (bp) Mapped (%) 

Replicate 1 2,421,561 2,300,671 97.02 95.12 

Replicate 2 2,407,807 2,274,067 96.72 94.58 
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Figure 1. Overview of RNA-seq bioinformatics analysis and characterization. A) Cartoon of the 

expression of nuclear targeted fusion (NTF) protein driven by the MATERNALLY EXPRESSED 

PAB C-TERMINAL (MPC) promoter in endosperm nuclei of Arabidopsis thaliana seeds (green 
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dots). B) Overview to identify endosperm-associated long non-coding RNAs (lncRNAs) from early 

endosperm tissue. C) Cuffmerged transcripts were characterized into categories: overlapping 

with TAIR10 gene models (33,567 transcripts); <200 nucleotide (nt) (566 transcripts); homology 

to A. thaliana proteins (Blastx filtration, cut-off E-value ≤ 0.0001, 28 transcripts); open reading 

frame (ORF) filtration (ORFs > 100 amino acids, 321 transcripts); and lncRNAs (615 transcripts). 

D) Diagram for the classification of lncRNAs from 1 day after pollination (1DAP) siliques. E) 

Classification of endosperm-associated lncRNAs into four categories: intergenic (258 transcripts); 

sense intronic (257 transcripts); antisense intronic (1 transcripts); and antisense exonic (99 

transcripts). 

Next we asked whether there was an association between the lncRNAs and the 

biological function of nearby genes. We observed no clear relationship as 

determined by a Gene Expression Omnibus biological function term analysis 

(data not shown). We next classified the lncRNAs based on their genomic 

position with respect to protein-coding genes (Figure 1D). Exonic antisense and 

intergenic lncRNAs are the two largest classes, with 257 and 258 transcripts, 

respectively (Figure 1E). 

Characterization of the identified endosperm-associated lncRNAs 

Protein-coding genes in the A. thaliana genome are distributed across the five 

chromosomes, with lower abundance around the centromeres (Figure 2A). 

Similar to the protein-coding gene distribution, the lncRNAs from our dataset 

were also distributed across all chromosomes (Figure 2A). In contrast to protein-

coding genes, the lncRNA loci had lower expression levels, based on the RPKM 

(Reads Per Kilobase Million) value calculated by Cufflink (Figure 2B) and their 

transcript length was shorter (Figure 2C). The length distribution of most lncRNAs 

is in the range of 200–500 bp, whereas the transcript length for protein-coding 

genes is mostly above 800 bp. Additionally, most lncRNAs, 85%, have only one 

or two exons while only 34% of protein-coding genes have fewer than two exons. 
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Figure 2. Characterization of endosperm-associated long non-coding RNAs (lncRNAs). A) 

Chromosomal distribution of endosperm-associated lncRNAs (red line), transposable elements 

(TE, red vertical lines) and gene models (blue vertical lines). B) Boxplot showing transcript 
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abundance of lncRNAs and gene models in Arabidopsis endosperm (*p ≤ 0.0001, Spearman’s 

correlation). C) and D) Transcript properties of endosperm-associated lncRNAs identified by 

RNA-seq. 

Validation of endosperm-associated lncRNAs 

To validate the RNA-seq results, RT-qPCR was performed for five endosperm-

associated lncRNAs identified in the present study (LINC.TCONS_2215, 

EXONAS.TCONS_244, INTRONAS.TCONS_1171, EXONAS.TCONS_1177 

and INTRONAS.TCONS_682) and another five lncRNAs 

(INTRONAS.TCONS_120, LINC.TCONS_719, INTRONAS.TCONS_976, 

INTRONAS.TCONS_2762, INTRONAS.TCONS_2182) from other datasets 

(Trung Do et al., in prep). The results showed that all of the endosperm-

associated lncRNAs have a similar expression pattern, with higher abundance in 

siliques than in root or floral tissue (Figure 3A). The non-endosperm-associated 

lncRNAs were either not detected or were in low abundance in silique tissue, but 

were in higher abundance in root and floral tissue (Figure 3A). 
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Figure 3. Tissue expression patterns and sub-cellular localization of long non-coding RNAs 

(lncRNAs). A) Confirmation of five endosperm-associated lncRNAs and five lncRNAs identified in 

other datasets by RT-qPCR. The RT-qPCR data for all transcripts were normalised to the 

housekeeping gene SAND. RT-qPCRs were performed on two biological and three technical 

replicates. Error bars indicate ±SE of the mean. p-values were calculated with a Student’s t-test. 

An asterisk denotes p < 0.05. B) PCR amplification of lncRNAs from RNA purified from either 

nuclei, cytoplasm or total RNA. LNCRNA_1246 was amplified from total and nuclear RNA but not 

from cytoplasmic RNA. LNCRNA_9137 was previously identified as a nuclear-specific lncRNA 

[17] and LINCRNA_34938 as a cytoplasmic-specific lncRNA (Trung Do et al., in prep). 

Next, we asked whether one endosperm-associated lncRNA, LNCRNA_1246, 

was preferentially enriched in either the cytoplasm or nuclear sub-cellular 

compartments. To do this, we isolated nuclei and cytoplasmic fractions, purified 

the RNA and converted the RNA to cDNA. First, to test the purity of our nuclear 
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and cytoplasmic fractions, we measured the abundance of the nuclear-specific 

LNCRNA_9137 [17] and cytoplasmic-enriched LINCRNA_34938 (Trung Do et al., 

in prep). We did not detect any lncRNA_9137 transcripts in the cytoplasm, nor 

any lncRNA_34938 transcripts in the nucleus and concluded our preparations 

had no detectable contamination (Figure 3B). Next, we measured the abundance 

of LNCRNA_1246 in the nuclear and cytoplasmic fractions and detected it only 

in the nuclear fraction (Figure 3B). 

Arabidopsis thaliana LNCRNA_1246 mutants have smaller seeds than wild 

type 

We focused our functional analysis on the nuclear-specific LNCRNA_1246. We 

generated transgenic plants containing two strand-specific amiRNAs, lnc1246-1 

and lnc1246-2, and isolated a homozygous T-DNA insertion, Salk_207384 

(called lnc1246-3 in Figures) (Figure 4A). All three mutants had an approximate 

30% reduction in seed weight compared with the wild type (Figure 4D & 4F). Next, 

we measured the abundance of LNCRNA_1246 in RNA isolated from seeds of 

the three mutants; as expected we detected no LNCRNA_1246 transcripts 

(Figure 4B). 

As LNCRNA_1246 is an antisense transcript of a protein-coding gene, 

AT3G12940, we further questioned whether the smaller seeds in the mutants 

resulted from mutation of LNCRNA_1246 or AT3G12940. To address this, we 

strand-specifically knocked down AT3G12940 using an amiRNA, named here 

At3g12940-1 (Figure 4A). As expected, mutant seeds of At3g12940-1 were the 

same weight and size as wild type (Figure 4E) and we could not detect 

AT3G12940 mRNA; however we could detect the antisense transcript 

LNCRNA_1246 in the mutants. In summary, only lnc1246 mutants have reduced 

seed weight; At3g12940 mutants have the same seed weight and size as wild 

type (Figure 4C). 
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Figure 4. Phenotypic and molecular characterization of seeds from lnc1246 and At3g12940 

mutants. A) Genomic region showing AT3G12940 transcribed from the sense strand and 

LNCRNA_1246 transcribed from the antisense strand. Mutant allele symbols are as follows:  

is a strand-specific artificial microRNA and  is a T-DNA insertion. B) Strand-specific reverse 

transcription PCR (RT-PCR) quantifying LNCRNA_1246 RNA abundance. C) Strand-specific RT-

PCR quantifying AT3G12940 mRNA abundance. ACTIN1 is an internal control. D) Seed size of 

lnc1246 mutants. E) Left panel, seed phenotype of At3g12940 mutant; right panel, mRNA 

abundance of AT3G12940 in the mutant. F) Weight of wild type and lnc1246 mutant seeds. Error 

bars indicate ±SE of the mean (*p < 0.05, Student’s t-test; n = 100 seeds). Scale bar in panels D 

and E is 2.5 mm. All RT-qPCRs were performed on two biological and three technical replicates 

and a representative PCR is shown. 
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In addition to our observations of smaller seeds in lnc1246 mutant plants, we 

found that all examined sporophytic tissue organs (roots, leaves, petals, carpels, 

anther filaments and siliques) were smaller than in the wild type (Figure 5A–F). 

We observed no difference in leaf number at flowering (Figure 5E). 

 

Figure 5. Sporophytic tissues are smaller in long non-coding RNA lnc1246 mutant plants. A) 

Vegetative phase; B) flowers; C), stamens and capels; D) siliques 10 days after pollination; E) 

rosette leaves; and F) roots of seedlings of wild type and lnc1246 mutant plants. Scale bars panels 

are as follows: A, 2 cm; B and C, 1 mm; D, E and F, 1 cm. 

LNCRNA_1246 is important for cell expansion in the integuments 
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Having observed that mature seeds of lnc1246 mutants are smaller than wild 

type, we asked whether the mature cotyledons were also smaller in the mutant. 

We germinated seeds of wild type and the mutant on plates and observed 

cotyledons (Figure 6). Consistently, the cotyledons of lnc1246 mutants were 

smaller than those of wild type (Figure 6A & 6B). Next, we observed the epidermal 

cell size in cotyledons using light microscopy (Figure 6C). Epidermal cotyledon 

cell size was smaller in lnc1246 mutant seedlings than in wild type. In addition to 

the epidermal cell layer, we also observed cell size in the sub-epidermal cell 

layers; they were also smaller than in wild type (see Figure 6S in Appendices). 

During Arabidopsis seed development, the ovule is surrounded by the integument 

that develops into the seed coat after fertilization. The effect of smaller 

integuments leading to smaller seed size has been previously reported [5, 22-

23]. Hence, we tested the effect of lnc1246 mutant integuments on seed size. 

First, we characterized the mature ovules from wild type and lnc1246 mutants at 

2 days after emasculation. The ovules of lnc1246 mutant plants were significantly 

smaller than those of wild type (Figure 6D upper panel). We also observed the 

outer integument cell size and number, 1 day after fertilization (Figure 6D lower 

panel, E). The outer integument cell size was smaller in the mutant than in wild 

type (Figure 6E). Interestingly, outer integument cell number was greater in the 

mutant compared with wild type, suggesting the existence of a compensation 

mechanism (Figure 6E). These results show that LNCRNA_1246 has a role in 

cell expansion in the integuments of developing seeds. 
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Figure 6. LNCRNA_1246 is an important regulator of cell size. A) Mature seeds and 10-day-old 

seedlings from wild type and lnc1246 mutants (lnc1246-1, lnc1246-2, lnc1246-3). B) 

Quantitfication of cotyledon size of wild type and lnc1246 mutant seedlings. C) Epidermal 

cotyledon cells of wild type and lnc1246-1 seedlings. D) Confocal images of ovules of wild type 

and lnc1246 mutants before (upper panel) and after pollination (lower panel). The upper-left insert 
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in each panel shows an enlarged image of the white box. The cell number is highlighted as white 

stars. E) The area of cells in the outer integument at 1 day after pollination (DAP). F) The number 

of cells in the outer integument at 1 DAP. Values in B, D and E are given as means ± SEs (*p < 

0.05, Student’s t-test; n ≥ 8 for seedlings). Scale bars: A, 0.25 mm for seeds and 1 mm for 

cotyledons; C, 20 µm; D, 5 µm. 

LNCRNA_1246 has a maternal effect on seed size 

Maternal and paternal factors have an effect on seed size [6, 22]. Hence, we 

asked whether LNCRNA_1246 has a maternal or paternal effect on seed size. 

To address this, reciprocal crosses between wild type and the dominant lnc1246-

1 mutant were performed. Interestingly, only when lnc1246-1 was used as a 

maternal parent were seeds smaller (Figure 7A). Seeds from wild type crossed 

with wild type and wild type crossed with lnc1246-1 were the same size (Figure 

7A). Together these data suggest that the maternal integuments have a large 

effect on seed size. 
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Figure 7. LNCRNA_1246 acts maternally to regulate seed size. A) Seed size of F1 seeds from 

reciprocal crosses between lnc1246 mutants and wild type. The lnc1246 mutant allele is a 

dominantly acting artificial microRNA. B) Seed size of F1 seeds from reciprocal crosses between 

lnc1246 T-DNA mutant and wild type. The lnc1246 T-DNA mutant allele is a recessively inherited 

allele. C) and D) Cartoons indicating the genotypes present in different compartments of the F1 

seed from crosses in A and B. Error bars in A and B indicate the SE of the mean (*p < 0.05, 

Student’s t-test; n ≥ 50 seeds). 

As the lnc1246 amiRNA parent is dominant, we could not discriminate maternal 

or paternal effects acting in the endosperm or embryo on seed size (Figure 7C & 

7D). Therefore, we performed reciprocal crosses between wild type and the 

lnc1246-3 recessive T-DNA insertion allele. Pollinating the lnc1246-3 maternal 

parent with wild type pollen produced seeds that were heterozygous for lnc1246 
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in the embryo and endosperm within a mutant seed coat (Figure 7D). We 

observed that F1 seeds from these crosses were smaller than self-pollinated wild 

type seeds. In addition, the seeds from wild type pollinated with lnc1246-3 mutant 

pollen were of similar size to the seeds from self-pollinated wild type seeds 

(Figure 7B). Together, these results suggest that the genotype of LNCRNA_1246 

in the embryo and endosperm does not affect seed size, and that LNCRNA_1246 

acts maternally to regulate seed size. 

LNCRNA_1246 may act independently of known genes affecting seed size 

Protein-coding genes that act in the maternal integument to promote cell 

proliferation or cell expansion have been previously described [4–8, 23]. Our 

results suggest that the smaller seeds of lnc1246 mutants are the result of 

reduced cell expansion in the integument before and after fertilization, although 

we cannot rule out paternal imprinting of LNCRNA_1246 in the embryo and/or 

endosperm. We asked whether the mRNA abundance of genes, when mutated 

to reduce seed size, was reduced in the lnc1246-1 mutant seed, using RT-qPCR. 

Our results showed that the mRNA abundance of all the tested genes (MINI3, 

HAIKU1, KLUH, HAIKU2 and TTG2) was the same in the mutant and wild type. 

These results suggest that LNCRNA_1246 functions separately to these genes 

to control seed size. 

 

 

Figure 8. mRNA abundance of important genes regulating seed size in lnc1246-1 mutant and wild 

type seeds. RT-qPCR results for IKU1, IKU2, KLUH, MINI3 and TTG2 in wild type and lnc1246-
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1 mutant seeds. RT-qPCRs were performed on two biological and three technical replicates. Error 

bars indicate ±SE of the mean. 

LNCRNA_1246 is not associated with the FIS–PRC2 complex 

Next, we tested whether LNCRNA_1246 was associated with the FIS–PRC2 

complex in the endosperm of A. thaliana seeds. To address this, we used RNA 

from the immunoprecipitation experiment described in Trung Do et al. (in prep) 

and performed RT-PCR. We did not expect LNCRNA_1246 to be associated with 

the complex as the sequence was absent from our Illumina sequencing data 

(Figure 9). We performed RT-qPCR and as expected did not detect 

LNCRNA_1246 associated with the FIS–PRC2 complex (Figure 9). However, we 

did detect by RT-qPCR the positive control lncRNA_29066 that was present in 

our sequencing data (Figure 9). 

 

Figure 9. LNCRNA_1246 is not associated with the FIS–PRC2 complex. RT-PCR results 

quantifyng assocaition of LINCRNA-29066 [Trung Do et al., in prep] or LNCRNA_1246 with FIS2–

PRC2 after RNA immunoprecipitation. RT-qPCR was performed on two biological and three 

technical replicates. Error bars indicate ±SE of the mean. p-values were calculated with a 

Student’s t-test. The asterisk denotes p < 0.05. 

Transcript characterization of LNCRNA_1246 

LncRNAs can be broadly classified as two types: those with a polyA-3' end and 

those without. Hence, we asked whether LNCRNA_1246 has a 3'-polyA tail. To 
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address, we carried out 3' RACE (Rapid Amplification of cDNA 3’ Ends) assays 

for LNCRNA_1246; however we could not PCR amplify LNCRNA_1246 (data not 

shown here). As a control, we detected LNCRNA_1246 after strand-specifically 

priming cDNA synthesis (data not shown here). 

Next, we predicted the LNCRNA_1246 RNA secondary structure based on 

pairing probability of nucleotides in the sequence using RNAfold [24]. The result 

is shown in Figure 10. The LNCRNA_1246 had high free energy (dG = –

291.20 kcal mol–1) and several stable stem loops, suggesting a strong secondary 

structure. 

 

Figure 10. Predicted secondary structure of LNCRNA_1246 as calculated by RNAfold. The 

predicted structure is coloured as base-pairing probabilities. Red indicates high and blue indicates 

low nucleotide pairing probability. 

Coding potential of LNCRNA_1246 
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LncRNAs are defined as long RNA molecules with no protein-coding potential 

and little or no sequence similarity to protein-coding genes. However, several 

annotated lncRNAs have been associated with ribosomes in both animals [25] 

and plants [26], suggesting that lncRNAs may also be translated into proteins and 

hence are bifunctional. Therefore, we predicted potential ORFs in 

LNCRNA_1246 using ORF Finder [27]. Twenty-seven potential ORFs were 

predicted in LNCRNA_1246 but only one ORF of 33 amino acids started with a 

methionine (Figure 11A). 

 

Figure 11. LNCRNA_1246 putative open reading frame (ORF) analysis. A) ORF1 potentially has 

33 amino acids. B) A single nucleotide polymorphism, G to A, was generated to mutate the 

potential ORF. 

To determine if the potential ORF in LNCRNA_1246 complements the cell size 

phenotype of lnc1246 mutants, we mutated the peptide sequence by changing 

the tryptophan codon (TGG, W) into a stop codon (TGA, *) (Figure 11B). This 

mutant construction driven by the endogenous promoter was transformed into 

the recessive lnc1246-1 mutant background but the phenoptyes of transgenic 

plants are still to be characterized. 

Discussion 

With the advantages of biotechnology combined with advances in next 

generation techniques for genome-wide mapping, genome-wide identification of 
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lncRNAs has been reported for some plants, including strawberry [28], tomato 

[29] and Arabidopsis [17]. To identify functional roles of lncRNAs in plant 

endosperm development, we applied a purification protocol for nuclei from early 

stages of endosperm development of Arabidopsis thaliana and sequenced the 

RNAs. We identified the transcriptome of A. thaliana endosperm and 

experimentally identified lncRNAs associated with seed development. These 

data will be extremely useful for other researchers and for functional genomics 

studies and regulatory expression research in the future. 

Plant lncRNAs are not well conserved during evolution 

The discovered A. thaliana endosperm-associated lncRNAs have some distinct 

characteristics compared with protein-coding genes; for example, low 

conservation in comparison with currently known lncRNAs from different plant 

species (data not shown), lower levels of expression, fewer exons and shorter 

transcripts lengths. These features are shared with plant lncRNAs identified in 

other studies [28-32]. Most (85%) of the identified A. thaliana endosperm-

associated lncRNAs had only one exon; this might be due to the choice of 

parameters during the filtration of novel transcripts, which does not include the 

number of exons. However, our RT-PCR results showed that all of the single-

exon lncRNA candidates gave products; hence, we may lose some real lncRNAs 

if we remove single-exon transcripts. In addition, the RT-PCR analysis 

demonstrated the tissue-specific expression of many lncRNAs (Figure 3B). This 

result is consistent with previous studies that reported that lncRNA 

spatiotemporal expression profiles are highly tissue-specific [30-31]. The low 

conservation of the identified lncRNAs compared with currently known lncRNAs 

from different plant species (data not shown) means that most of the identified 

lncRNAs were not well conserved and may undergo rapid evolution. Similar 

results have been reported for lncRNAs from other plants such as tomato [29], 

maize [32] and Populus spp. [30]. This low conservation has several potential 

explanations: (1) plant lncRNA databases are still in progress; (2) plant species 

may have their own specific mechanisms to adapt to the environment during 

evolution and lncRNAs might contain short conserved motifs that are not easily 

identified in BLAST searches [33] or small interfering RNA encoded by lncRNAs 
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may be less constrained in other parts of transcripts [34-35]; (3) changes to 

important factors may affect the formation of a large family of gene homologues, 

for example, lncRNAs may interact directly with FIS2–PRC2 through its 

conserved secondary structure [31, 34]; and (4) TEs might play a major role in 

the generation of alternative promoters, and hence of novel lncRNAs [17, 36-39]. 

Moreover, the consistency of the RNA-seq and RT-qPCR results provides further 

evidence that our prediction accuracy was sufficient. 

Endosperm lncRNA might controll Arabidopsis seed development 

The major current challenges in exploring lncRNA function include that (1) they 

do not encode proteins, hence we cannot apply methods used to analyze protein-

coding genes; and (2) they are expressed at only low levels. Recent studies of 

the tissue-specific expression patterns of lncRNAs have shown that these 

patterns might help reveal the potential functions of lncRNAs [28]. In this study, 

we applied a bioinformatics pipeline to identify 615 endosperm-associated 

lncRNAs that were confirmed by RT-PCR to be endosperm-specifically 

expressed (Figure 3A). In addition, our data show that the presence of 

endosperm-associated LNCRNA_1246 influences reproductive development in 

A. thaliana. This result is consistent with reports in which the tissue-specific 

regulation of lncRNAs has revealed critical functions during reproductive 

development in plants and animals [33]. Therefore, our finding provides more 

evidence for the specific expression of lncRNAs and also suggests that the tissue 

specificity of lncRNAs is correlated with organ development. 

LNCRNA_1246 controls seed development by regulating maternal 

integument cell size 

Plant growth and development processes depend on both environmental and 

endogenous signals that play important roles in determining the anatomy, 

physiology and molecular features of the plant. Among endogenous signals, 

lncRNAs have been reported in some plant species as regulatory factors in 

biological processes such as root developmental plasticity, regulation of 

phosphate homeostasis, flowering and response to stress [17, 31, 40]. In this 

study, we found that knockdown of LNCRNA_1246 produced a smaller seed 
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phenotype, which might be the result of smaller cell size in the outer integument 

and not primarily caused by its effect on fertility. This result is consistent with 

previous reports of the effect of vegetative stage on silique development in 

Arabidopsis [30, 41]. 

The results from our reciprocal crosses indicate that LNCRNA_1246 maternally 

affects seed growth by regulating ovule size via a reduction in integument cell 

size. The integument is one part of the developing ovule, which is maternal tissue 

and will form the seed coat after fertilization [9]. Our results show that the size of 

the ovule in a lnc1246 mutant is smaller than that of wild type both before and 

after pollination, suggesting that the size difference arises via alteration of the 

maternal integument size. This result is consistent with results from other studies 

in which the integument has been reported to play a role in changing seed size 

by alternation of its size [5–6]. Hence, our results support the general theme that 

the maternal integument plays a critical role in determining final seed size. 

The molecular roles of LNCRNA_1246 during plant organogenesis 

The molecular explanation for regulating seed size through action 

LNCRNA_1246 is still not clear. Our results indicate similar abundances of genes 

affecting seed size in wild type and mutant plants, suggesting that there might be 

no interaction between LNCRNA_1246 and those genes to control seed size 

(Figure 8). In addition, our results revealed a nuclear localization for 

LNCRNA_1246 (Figure 3B) and that it does not bind to the FIS2–PRC2 complex 

(Figure 9). In animals, lncRNAs located in the nucleus have been shown to play 

important roles in regulating gene expression at the transcriptional level via 

histone or DNA modification [42]. Hence, one possible molecular function of 

LNCRNA_1246 might be an epigenetic regulatory function during dosage 

compensation, imprinting or developmental gene expression [43]. The molecular 

mechanisms by which lncRNAs carry out their functions in this biological process 

require further study. 

In addition to organ development, cell proliferation and cell expansion are two 

cellular processes that have been shown to have important roles in determining 

the overall organ size [44-46]. Recently, some protein-coding genes have been 
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reported to play a role in regulating cell expansion and hence affecting final organ 

size in Arabidopsis, including EXPANSIN10 (EXP10), REGULATORY 

PARTICLE AAA-ATPASE 2a (RPT2a), ARGOS-LIKE (ARL), TARGET OF 

RAPAMYCIN (TOR), ErbB-3 EPIDERMAL GROWTH FACTOR RECEPTOR 

BINDING PROTEIN 1 (EBP1) and  ORGAN SIZE RELATED 2 (OSR2) [44]. Here, 

we showed that the lnc1246 mutant regulates cell expansion during organ 

development (Figure 6C & 6D). LNCRNA_1246 is expressed in the nuclei of cells 

from different organs undergoing cell expansion and its knockdown leads to 

reduced overall organ size by reducing the cell expansion rate (Figure 3B, 6B & 

6E). Therefore, our results suggest that LNCRNA_1246 might have a role as a 

regulatory factor in plant organ growth and final cell size. 

Although the function of most lncRNAs remains unknown, the discovery of 

lncRNAs from Arabidopsis early development siliques provides additional 

material for future functional studies to understand the biological roles and 

regulatory mechanisms of lncRNA function in plants. 

Perspectives 

Understanding seed development and (epi)genetic controls is becoming 

increasingly important because of the significant role that seeds play as a food 

source for humans and livestock, as well as the growing demand for biofuel. With 

cutting-edge genomics-based research, we have identified novel genes with 

potential roles in seed development. However, there are many knowledge gaps 

in the field, such as (1) our limited understanding of the mechanisms and 

networks that act together; (2) the fact that application of the genetic information 

from model plants to crop plants remains a major challenge [47-49]; and (3) the 

fact that most of the genome encodes non-coding RNAs and these have no clear 

function [34]. Hence, more research is required in model and crop plants to 

understand and improve seed yield. 
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7.1 Context of This Study 

Genome-wide analysis of the human genome has shown that a substantial 

proportion of the genome is transcribed into a wide range of RNAs differing in 

size, abundance and protein-coding capability (Cheng et al., 2005; Kapranov et 

al., 2005; Carninci et al., 2005; Katayama et al., 2005; Birney et al., 2005; Djebali 

et al., 2012). Similar observations have recently been made in plants (Liu et al., 

2012; Li et al., 2014; Kang and Liu, 2015). However, only a very small proportion 

of these transcripts are translated into proteins; the majority is untranslated and 

these are broadly termed ncRNAs. These ncRNAs are crudely divided into small 

ncRNAs (fewer than 200 nts) and lncRNAs (more than 200 nts) (Ponting et al., 

2009). Unlike small ncRNAs, which have been well studied, lncRNAs remain 

largely poorly characterized, especially in plants (Chitwood and Timmermans, 

2010; Liu et al., 2012; Chen et al., 2015). To date, no lncRNAs involved in 

endosperm or embryo development have been described. 

In this thesis, we describe in detail a methodology for purification of specific cell 

types, bioinformatics annotation of lncRNAs and investigation of biological 

function using the reference plant A. thaliana (Chapter 2). We also detail methods 

for highly reproducible bisulfite treatment of RNA, efficient locus-specific PCR 

amplification, detection of candidate sites by sequencing on the Illumina MiSeq 

platform and bioinformatic calling of converted and non-converted sites (Chapter 

3). 

To investigate the role of TE-derived lncRNAs in plant development, we identified 

and characterized TE-associated lincRNAs (TE-lincRNAs) from Arabidopsis, rice 

and maize (Chapter 4). TEs have been reported as major contributors to the 

origin, diversification and regulation of lncRNAs from human, mouse, zebrafish 

and recently tomato (Kapusta et al., 2013; Wang et al., 2016). Here we showed 

that TEs make a contribution to the origin of stress-related lincRNAs from 

Arabidopsis, rice and maize. Using loss-of-function mutants, we demonstrated a 

role for some TE-lincRNAs under stress, but not control conditions. This suggests 

that TE-lincRNAs may act as an adaptive reservoir in eukaryotes. 
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To identify lncRNAs involved in epigenetic regulation of seed development, we 

sequenced whole seeds and enriched for lncRNAs bound to the important FIS2–

PRC2 complex (Chapter 5). The FIS2–PRC2 complex is important in regulating 

seed development and acts to restrain endosperm proliferation before and after 

fertilization by depositing repressive H3K27me3 histone marks on target genes 

(Weinhofer et al., 2010; Butenko and Ohad, 2011). How the complex is recruited 

to target genes is largely unknown and two somewhat opposing models have 

been proposed: the DNA transcription factor and ncRNA guide models. Here it 

was demonstrated that thousands of lncRNAs are bound to the FIS2–PRC2 

complex and may function in regulating target genes. Interestingly, the data also 

showed that G-tract motifs (G2L1-4) are significantly enriched among PRC2-

binding transcripts. While incomplete, these data support a cis-acting model 

whereby lncRNAS regulate PRC2 complex activity. 

To investigate the function of FIS2–PRC2-bound lncRNAs, we identified and 

characterized T-DNA insertion mutants for 9 PRC2-associated lncRNAs and 

characterized the expression of neighbouring genes, which was previously 

reported to be upregulated in fis2 mutants (Chapter 5). Using qRT-PCR, we found 

that mutation of FIS2–PRC2-associated lncRNAs show a strong association with 

nascent H3K27me3 target genes. This suggests a possible mechanism for 

predicted lncRNAs in regulating their neighbour genes by binding and guiding the 

FIS2–PRC2 to the target sites. 

To explore the function of lncRNAs during endosperm development, we used a 

methodology for lncRNA purification of specific cell types (Chapter 1). We 

identified 615 lncRNAs in A. thaliana endosperm nuclei (Chapter 6). We showed 

that these lncRNAs have tissue-specific expression as many exhibit a relative 

abundance difference among tissue types or are unique to one tissue type, 

suggesting tissue-specific functions and regulation. Of those novel lncRNAs that 

are common to multiple tissue types, some are differentially expressed among 

tissue types, while others have the same level of expression across all tissue 

types. Further, we experimentally demonstrated that knockdown of 

LNCRNA_1246 results in a decrease in seed size by reducing the cell expansion 

of outer integument cells. Through reciprocal crosses I demonstrated that 
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LNCRNA_1246 acts maternally to regulate seed size. In addition to seed 

development, we also showed that LNCRNA_1246 is a general regulator of cell 

and organ size. In summary, the results support the function of lncRNA in seed 

development. 

Together these data represent a transcriptome-wide, high-resolution view of 

lncRNAs in A. thaliana, rice and maize and in association with the FIS2–PRC2 

complex, and provide links to biological function. In addition, the identification and 

characterization of Arabidopsis loss-of-function genetic mutants provides a 

valuable resource for the research community to further build upon in detail to 

establish the functions of these lncRNAs in the future. Substantial discussion of 

these findings has already been presented in Chapters 4, 5 and 6. In the following 

sections, I discuss the broader implications of RNA regulatory networks in 

animals and plants, with a focus on lncRNAs. 

7.2 RNA Regulatory Networks in the Evolution of Animals and 

Plants 

Before the current genomics era (ca. 2000 onwards), it was suggested that the 

number of protein-coding genes that an organism made use of was a valid 

measure of its complexity. However, it is now clear that there is only a weak 

relationship between biological complexity and the number of protein-coding 

genes. Further, the proteomes of higher organisms are relatively stable. For 

example, mice and humans have 99% of their protein-coding genes in common. 

It is now clear that very few nucleotide polymorphisms between phenotypically 

different individuals within higher organisms reside in protein-coding regions and 

similar observations have been made between related species. Thus, phenotypic 

variation among individuals and among related species may be based largely on 

differences in non-protein-coding nucleotide sequences. Very recently, it has 

become clear that most (>95%) transcription from higher organism genomes is 

non-protein-coding RNA. At the beginning of this study, there were only limited 

reports of the extent of lncRNAs in plants and fewer functional characterization 

reports. 
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Recent genomics research has discovered many families of transcripts that have 

function but do not code for proteins; termed ncRNAs. An important group of 

ncRNAs is lncRNAs, whose members originate from thousands of loci across the 

genome. There is growing evidence that lncRNAs can regulate gene expression 

at the transcriptional and post-transcriptional levels and take part in various 

physiological and pathological processes, such as cell development, immunity, 

oncogenesis and clinical disease processes, among others. All of this evidence 

suggests a central role of lncRNAs as master regulators of gene expression and 

chromatin organization that might make them particularly suited for coordination 

and control of molecular processes involved in animal and plant evolution. Here, 

I discuss why lncRNAs could be a central player in the evolution of animals and 

plants, in three sections: 1) Diversity of lncRNAs—Substrates for plant and 

animal evolution; 2) Regulatory function—Emerging role of lncRNAs; and 3) 

Evolution of lncRNAs. 

7.2.1 Diversity of long noncoding RNAs—Substrates for plant and animal 

evolution 

Transcriptome studies have shown that more than 75% of the human genome is 

actively transcribed into protein-coding transcripts (mRNAs) and ncRNAs (Cheng 

et al., 2005; Kapranov et al., 2005; Carninci et al., 2005; Katayama et al., 2005; 

Birney et al., 2005). Interestingly, the proportion of mRNAs is very small and 

widespread occurrence of ncRNAs has been demonstrated (Wu et al., 2017). 

LncRNAs can be subdivided into several classes based on their relationship to 

protein-coding genes and different mechanisms of processing. In relation to 

protein-coding genes, different classes of lncRNA transcripts—such as promoter 

upstream transcripts (PROMPTs), enhancer RNAs (eRNAs), lincRNAs and 

natural antisense transcripts (NATs) have been transcribed from promoter 

upstream regions, enhancers, intergenic regions and the opposite strand of 

protein-coding genes in eukaryotic genomes (Wu et al., 2017). In addition, many 

new lncRNA species with unexpected structures are generated from long primary 

transcripts with unusual RNA-processing pathways (Wu et al., 2017). For 

example, instead of using canonical 5'-end m7G capping or 3'-end poly (A) tailing 

for maturation, lncRNAs can be stabilized by several non-canonical mechanisms, 
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including RNase P cleavage to generate a mature 3' end (Wilusz et al., 2008; 

Sunwoo et al., 2009); capping by small nucleolar ribonucleoproteins (snoRNPs) 

at both ends (Yin et al., 2012; Zhang et al., 2014b; Xing et al., 2017) or the 5' end 

(Wu et al., 2016); or forming circular structures to protect them from degradation 

(Salzman et al., 2012; Jeck et al., 2013; Memczak et al., 2013; Salzman et al., 

2013; Zhang et al., 2013b; Zhang et al., 2014c). Notably, many lncRNAs are 

alternatively spliced to generate multiple isoforms leading to higher diversity of 

lncRNAs (Johnsson et al., 2013). The data presented here (Chapter 4, 5 and 6) 

show that thousands of lncRNAs are transcribed from different loci in the genome 

of A. thaliana. In addition, the data demonstrate some distinct features of 

lncRNAs compared with protein-coding genes: for example, they are on average 

shorter, show less sequence and positional conservation and are less abundant, 

but have more tissue-specific expression patterns. These results are consistent 

with previous reports involving lncRNAs (Derrien et al., 2012; Pauli et al., 2012; 

Liu et al., 2012; Li et al., 2014; Hezroni et al., 2015; Wang et al., 2015; Khemka 

et al., 2016). Interestingly, it was also found here that by altering the nuclear 

chromatin state, new lincRNAs can be generated (Chapter 4). Overall, these 

discoveries indicate further layers of complexity to gene expression and 

regulation. 

It is believed that the diversity of lncRNA families offers functional diversity in 

regulatory networks (Lee, 2012; Kung et al., 2013). They can act in cis-acting 

mode to influence neighbouring loci and trans-acting mode to perform distal 

regulatory functions. These modes suggest greater diversity in lncRNA function, 

in which the trans-acting molecules possibly act within larger co-expression 

networks and cis-acting counterparts have more localized roles (Herriges et al., 

2014; Alam et al., 2014; Melé et al., 2016; Luo et al., 2016). Although the 

dominant role of lncRNAs in cis or trans regulation is still debated, lncRNAs have 

emerged as new functional molecules found in many eukaryotic forms of life 

(Amaral and Mattick, 2008; Morris and Mattick, 2014; Golicz et al., 2018). In the 

next section, I provide more detail about the potential role of lncRNAs in 

adaptation to changing environments. 
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7.2.2 Regulatory function—Emerging roles of long noncoding RNAs 

Recent discoveries have led to an emerging picture of an extremely rich 

landscape of diverse RNAs that are transcribed from many loci of the genome in 

a spatiotemporally dependent manner (Amaral and Mattick, 2008; Morris and 

Mattick, 2014; Golicz et al., 2018). An important group of regulatory ncRNAs are 

lncRNAs, which may play an important role in the adaptation of plants and 

animals to a changing environment (Amaral and Mattick, 2008; Golicz et al., 

2018). I now discuss in more detail the regulatory function of lncRNAs as an 

important part of the epigenetic landscape that controls differentiation and 

development in plants and animals. 

Most functionally analyzed lncRNAs seem to play a role in regulating 

differentiation and development in plants and animals (Amaral and Mattick, 2008; 

Golicz et al., 2018). It has been reported that many lncRNAs have functions as 

master regulators of gene expression and chromatin organization involved in 

sexual reproduction of plants and animals (Golicz et al., 2018). However, this 

may be an oversimplification of their function in adaptive processes. Interestingly, 

the data in this thesis shows that knockdown of LNCRNA_1246 led to smaller cell 

and organ phenotypes in all tested tissues including roots, cotyledons and seeds 

(Chapter 6). In addition to the developmental role of lncRNAs, I also presented 

results that knockdown of TE-associated lincRNA_11195 caused reduced 

sensitivity to ABA by producing longer and thicker roots compared with wild-type 

plants after ABA treatment (Chapter 4). These data may suggest a broader role 

for lncRNAs under stress or adaptation to stress. 

Consistent with their roles in differentiation and development, the huge amount 

of evidence from genetic and biochemical studies demonstrates important 

functions of lncRNAs in epigenetic regulation by guiding chromatin-modifying 

enzymes to their target sites and/or acting as scaffolds for chromosomal 

organization (Mattick et al., 2009; Khalil et al., 2009; Mercer and Mattick, 2013). 

For example, some naturally occurring lncRNAs have been shown to control 

epigenetic processes such as X chromosome dosage compensation and parental 

imprinting in mammals (Sado et al., 2001; Thakur et al., 2004), and vernalization 

in plants (Swiezewski et al., 2009). Subsequent studies have shown that 
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antisense and intergenic lncRNAs bind to PRCs to alter chromatin modification 

and/or DNA methylation, leading to allele-specific silencing (see Table 2 in 

Chapter 1). The results from the RIP experiment in this study identified thousands 

of lncRNAs bound to FIS2_PRC2 in A. thaliana (Chapter 5). While the functions 

of most of these PRC2-associated transcripts is unknown, I showed that 

knockdown of some PRC2-associated lncRNAs by T-DNA insertion resulted in 

gene expression changes and the upregulation of nearby genes that were 

normally silenced by PRC2 (Chapter 5). In addition to epigenetic regulation, I 

found that lincRNAs could play a role in the alteration of chromatin state by 

regulating DNA methylation on chromosomes (Chapter 4). These data suggest 

lncRNAs play an important role in the epigenetic processes that control the 

differentiation and development of plants and animals. 

Regulatory lncRNA expression may be influenced by environmental signals and 

transmitted between cells and even generations, which could be important in the 

evolution of plants and animals. For example, flowering time regulation in A. 

thaliana depends on cold conditions that trigger expression of COLDAIR 

(lncRNA) leading to vernalization (Swiezewski et al., 2009). The results here 

showed that the expression of TE-lincRNAs in A. thaliana was affected by 

different stress conditions (Chapter 4). Further, the results indicated that ddm1 

produced many unique lincRNAs that may also play a role in responses to stress. 

These may contribute to the biotic stress resistance found in ddm1 (Dowen et al., 

2012) and were interestingly inherited in a wild-type background in subsequent 

generations (Chapter 4). These data demonstrate that regulatory lncRNAs play 

important roles in plant stress responses. 

Overall, it is becoming clear that lncRNAs are an important part of the regulatory 

networks in plants and animals. Importantly, the evolution of lncRNAs in response 

to environmental signals over generations puts them in an important position in 

plant and animal evolution. 

7.2.3 Evolution of long noncoding RNAs 

RNA is thought to have played a variety of important roles in the evolution of life 

on the earth. Many important discoveries have revealed that regulatory RNAs 
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play important roles in the diversification of life, which has resulted in a string of 

innovations by RNA (Amaral and Mattick, 2008; Bai et al., 2014; Golicz et al., 

2018). An important group is the lncRNAs that have been co-opted into the 

regulatory systems of plants and animals (Bai et al., 2014; Golicz et al., 2018). 

Here, I discuss in more detail the evolution of lncRNAs in terms of low sequence 

conservation, and TEs as contributors to lncRNAs. 

Nucleotide sequence conservation is often useful for predicting function of coding 

and sometimes noncoding genes (Cooper and Brown, 2008; Kellis et al., 2014). 

Many studies have attempted to measure functional constraints on lncRNA exon 

sequences within and across species for animals (Guttman et al., 2009; Marques 

and Ponting, 2009; Young et al., 2012) and recently plants (Derrien et al., 2012; 

Liao et al., 2014; Zhang et al., 2014a; Song et al., 2016). Not surprisingly, 

conservation analysis shows low sequence conservation of lncRNAs in both 

plants and animals, suggesting rapid turnover of lncRNAs, in contrast to the 

evolutionary nucleotide stability of protein-coding genes (Kapusta and Feschotte, 

2014). The conservation analysis performed here also indicated low conservation 

of lncRNAs among different species (Chapters 4, 5 and 6). Although the 

correlation between sequence conservation and expression is positive for both 

lncRNAs and protein-coding genes, lncRNAs seem to be more sensitive to 

changes in expression levels than are protein-coding genes (Managadze et al., 

2011; Popadin et al., 2013; Nielsen et al., 2014; Wang et al., 2017). This is 

consistent with the current results, in which expression of selected TE-associated 

lncRNAs changed more rapidly than that of neighbouring genes under different 

stress conditions (Chapter 4). Further, in animals, lncRNAs show a rapid 

decrease of orthologous expression conservation during evolution relative to their 

sequence conservation, while the orthologous mRNA expression level is much 

more consistent across mammals (Washietl et al., 2014). Together, these data 

suggest that lncRNA expression level is more prone to change during evolution 

than is that of mRNAs (Necsulea et al., 2014). 

Interestingly, the data revealed that some TE-associated lncRNAs have a role in 

abiotic responses (Chapter 4). This result suggests that insertion of TEs may 

contribute to evolution and function of ncRNAs in two ways. First, two-thirds of 
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mammalian genomes and a significant proportion of plant genomes are TEs, 

which can be grouped into various classes—retroelements, endogenous 

retroviruses, DNA transposons and so on—and hundreds of families (Gregory, 

2005; de Koning et al., 2011). TEs could provide the raw material to assemble or 

modify genetic function. For example, TEs have been reported to play important 

roles in genome structure and to provide the material for evolution (such as new 

protein-coding genes, transcription factor binding sites and connecting gene 

regulatory networks) because of their capability to move and amplify and the 

ability to introduce new regulatory sequences after insertion (Feschotte, 2008; 

Villar et al., 2014). Thus, it can be proposed that the significant activity of TEs 

during evolution serves as a source of hypermutagenicity that could create useful 

diversity among individuals in a population (Feschotte, 2008; Villar et al., 2014). 

Second, recent discoveries have shown that TEs can also contribute to the origin 

and diversity of lncRNAs (Kapusta et al., 2013; Wang et al., 2016; Chishima et 

al., 2018). TEs are commonly observed within mature lncRNAs in both 

vertebrates and plants. It has been estimated that two-thirds of vertebrate 

lncRNAs (Kapusta et al., 2013) and more than 20% of A. thaliana lincRNAs 

(Chapter 4) contain at least one TE-derived sequence, whereas TEs are rarely 

present in protein-coding genes. It was shown here that TEs contribute to new 

lincRNAs under stress conditions. Interestingly, by altering the chromatin state in 

the mutant ddm1, we showed that unique lincRNAs were inherited in a 

subsequent wild-type background, suggesting that the de novo evolution from 

sequences derived from TEs might account for the birth of new lincRNAs 

(Chapter 4). These results also provide evidence for the rapid emergence of 

lncRNAs from TEs and their interaction in regulatory networks controlling 

development. Collectively the data demonstrate the profusion and diversity of 

TEs embedded into lncRNAs and shows that their interactions with the cell 

machinery are promiscuous, complex and modular (Goodier and Kazazian, 2008; 

Levin and Moran, 2011; Wang et al., 2017; Chishima et al., 2018). These data 

suggest an important contribution of TEs to the evolution and diversity of 

lncRNAs. 
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In summary, lncRNA genes would evolve very differently from protein-coding 

genes in response to environmental signals, and are transmitted between cells 

and generations. Interestingly, during evolution, a vast number of lncRNAs have 

been generated but they still retain the unique features of lncRNAs that 

distinguish them from protein-coding genes. All of these factors guarantee them 

a role in the evolution of plants and animals. 

7.3 Conclusions and Future Directions 

In summary, this thesis presents the transcriptome-wide identification of lncRNAs 

from different species (maize, rice and A. thaliana [seedling and endosperm]) and 

demonstrates the first transcriptome of lncRNAs that is associated with the FIS2–

PRC2 complex or derived from TEs in A. thaliana. These lncRNAs are tissue-

specifically regulated. Moreover, I report the identification and characterization of 

lncRNA mutants affecting stress response and cell size. This provides a means 

to further investigate the functions of these lncRNAs in plant development. 

Future experiments examining the expression pattern of LNCRNA_1246, in vivo 

protein–lncRNA interactions and the effect of TE-associated lncRNAs on seed 

development will establish a more detailed view of how LNCRNA_1246 may act. 

In the future, these data, combined with other recent findings uncovering the 

Arabidopsis epitranscriptome will be important for understanding complex 

biological phenomena such as hybrid vigour, stress responses and hybridization 

barriers. 
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Appendices 

 

8.1 Supporting documents 

8.1.1 Chapter 1: Introduction 

Table S1. Genes demonstrated to have a role in seed development in Arabidopsis thaliana 

 
Gene name Abbreviation Protein Function Phenotype Reference 

EARLY FLOWERING IN 
SHORT DAYS 

EFS 
Contributor for H3K36 
methylation 

Larger embryo in mutants Cheng et al., 2018 

ARABIDOPSIS FATTY 
ACID EXPORT 1 

AtFAX1 
Mediate the fatty acid export 
from plastid. 

Larger seeds in over-expression 
plant 

Titan et al., 2018 

MYB56 MYB56 R2R3 MYB transcription factor 
Larger seeds in over-expression 
plant 

Zhang et al., 2013a 

APETALA2 AP2 AP2 domain transcription factor Larger seeds in mutants Ohto et al., 2009 

FERTILIZATION 
INDEPENENT SEED 2 

FIS2 Polycomb group protein Reduced embryo development  Sun et al., 2010 

FERTILIZATION-
INDEPENDENT 
ENDOSPERM 

FIE or FIS3 Polycomb group protein Reduced embryo development 
Sun et al., 2010 

MEDEA MEA or FIS1 Polycomb group protein Reduced embryo development Sun et al., 2010 

MULTICOPY 
SUPPRESSOR OF IRA 

MSI1 Polycomb group protein Reduced embryo development 
Sun et al., 2010 

METHYL 
TRANSFERASE 1 

MET1 DNA methyl transferase 
Larger seeds (mutant maternal 
plant) or smaller seeds (mutant 
paternal plant) 

Sun et al., 2010 

HAIKU1 IKU1 VQ motif protein Smaller seeds in mutants Wang et al., 2010 
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GORDITA or 
AGAMOUS-LIKE 63 

GORDITA or 
AGL63 

Bsister MADS-box transcription 
factor 

Larger fruits in mutants Prasad et al., 2010 

AUXIN BINDING 
PROTEIN 1 

ABP1 Auxin binding protein Abnormal embryo morphology 
Sun et al., 2010 

ARABIDOPSIS 
THALIANA CULLIN 1 

AtCULLIN1 Protein binding Abnormal embryo morphology 
Sun et al., 2010 

ARABIDOPSIS 
HISTIDINE 
PHOSPHOTRANSFER 
PROTEIN 

AHP Cytokinin single transducer 
Larger seeds in ahp 2,3,5 triple 
mutants 

Sun et al., 2010 

CYTOKININ 
INDEPENDENT 1 

CKI1 
Histidine kinase without 
cytokinin perception domain 

Larger seeds in one of mutant 
alleles 

Sun et al., 2010 

SHORT HYPOCOTYL 
UNDER BLUE 1 

SHB1 Transcription co-activator 
Larger seeds in over-expression 
plants 

Zhou et al., 2009 

CYP78A9 
 

 
P450 monooxygenase family 
protein 

Smaller seeds in mutants 
Adamski et al., 
2009 

KLUH or CYP78A5 KLU 
P450 monooxygenase family 
protein 

Smaller seeds in mutants 
Adamski et al., 
2009 

MATERNALLY 
EXPRESSED PAB C-
TERMINAL 

MPC poly(A) binding protein 
Smaller seeds in MPC RNAi 
knockdown plants 

Tiwari et al., 2008 

DIANA or AGAMOUS-
LIKE61 

AGL61 MADS-box transcription factor No seed in mutants Steffen et al., 2008 

AGAMOUS-LIKE62 AGL62 MADS-box transcription factor No seed in mutants Kang et al., 2008 

RETARDED GROWTH 
OF EMBRYO 1 

RGE1 bHLH transcription factor 
Smaller and shrivelled seeds in 
mutants 

Kondou et al., 2008 

DA1 DA1 ubiquitin receptor 
Larger seeds in over-expression 
planta 

Li et al., 2008 

GIBBERELLIC ACID-
STIMULATED 
ARABIDOPSIS 4 

GASA4 gibberellin-responsive protein 
Larger seeds in over-expression 
plant 

Roxrud et al., 2007  

FEM111 or AGAMOUS-
LIKE80 

AGL80 MADS-box transcription factor No seed in mutants 
Portereiko et al., 
2006 
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DECREASE IN DNA 
METHYLATION 1  

DDM1 Chromatin remodelling factor 
Larger seeds (mutant maternal 
plant) or smaller seeds (mutant 
paternal plant) 

Xiao et al., 2006 

MEGA INTEGUMENTA 
or AUXIN RESPONSE 
FACTOR 2 

MNT or ARF2 
Auxin-responsive element 
binding transcription factor  

Larger seeds in mutants Schruff et al., 2006 

ARABIDOPSIS 
HISTIDINE KINASE 

AHK Cytokinin receptor 
Larger seeds in ahk2,3,4 triple 
mutants 

Riefler et al., 2006 

BETA-XYLOSIDASE 3 BX3 beta-xylosidase Smaller seeds in mutants Minic et al., 2006 

SUCROSE-PROTON 
SYMPORTER 5 

SUC5 sucrose transporter 
Decrease the dry weight of seed 
in mutants 

Baud et al., 2005 

HAIKU2 IKU2 
Leucine-rich repeat receptor 
kinase 

Smaller seeds in mutants Luo et al., 2005 

MINISEED3 MINI3 WRKY transcription factor Smaller seeds in mutants Luo et al., 2005 

TRANSPARENT TESTA 
GLABRA 2 

TTG2 WRKY transcription factor Smaller seeds in mutants Garcia et al., 2005 

SHRINK 1 or CYP72C1 SHK1 
P450 monooxygenase family 
protein 

Smaller seeds in over-
expression plants 

Takahashi et al., 
2005 

SEEDSTICK or 
AGAMOUS-LIKE11 

STK MADS-box transcription factor Small seed in mutants 
Pinyopich et al., 
2003 

EXTRA 
SPOROGENOUS 
CELLS or ECXESS 
MICROSPOROCYTES 1 

EXE or EMS1 
Leucine-rich repeat receptor 
kinase 

Smaller seeds in mutants 
Canales et al., 
2002 

DEMETER DME 
DNA 5-methyl cytosine 
demetthylase 

Nonviable seeds in mutants Choi et al., 2002 

TRANSPARENT TESTA 
16 or ARABIDOPSIS 
BSISTER 

TT16 or ABS 
B(S) MADS-box transcription 
factor 

Larger seeds in mutants Nesi et al., 2002 

AINTEGUMENTA ANT AP2-like transcription factor No seed in mutants 
Mizukami and 
Fischer 2000 

mutants: loss of gene function 
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8.1.2 Chapter 5: Identification of PRC2-associated Long noncoding RNA in 

Arabidopsis thaliana Siliques 

Table S1. Primers used in this chapter 

Primers Sequences (5’-3’) 

linc_23526_F TTT GAA GGT GCT AGA CGG GT 

linc_23526_R TCG ACA CCA TCC ACA TCC AT 

linc_23618_F TTA TAT GAC AGG GCC GCT CA 

linc_23618_R GGC CAT AAT GTT TCC CCT TGA 

linc_28194_F GAA TCG CTT CCT CAC ATA GCT 

linc_28194_R  ACA TAA GAA AAC CAA GGC CGT 

linc_29066_F TGA AAG CAG GCA GTC AAA GG 

linc_29066_R CCC AGG TTC GAA ACA CAC AC 

linc_34938_F ACT TAT GTC GGT CGC TTT GTG 

linc_34938_R CCA ACC AAG CTC CAT CAA CC 

linc_11274_F GGA TCC ATG AGC AAG TAT CAC A 

linc_11274_R ACC AGT AAG ATT CTC CAC TAG CT 

linc_11427_F  AAT AGA GAG CGG CCA AAA CG 

linc_11427_R GCT TAT GTG TGGT GGT GTG G 

SALK_047543_LP GGT CCA ATG AAC ATC GTT GAC 

SALK_047543_RP CAT GTT TTG TTC TTA AAA TAC ATG C 

SALK_038231_LP TGA AGG GAC AAG AGG TTC AAG 

SALK_038231_RP TGT CAA CAG TTT CAA CAT GAC AAC 

SALK_095819_LP TCA ATT TGT GAC TTA TGT CTA TCA TTG 

SALK_095819_RP TGA GTT GTG GAC CCT TTG TTG 

SALK_102768C_LP GAA GGT TAA ATA ACC GCA TTA TTG 

SALK_102768C_RP GGT TGA CTG GAA CTG ATT TCG 

SALK_058251_LP CCA CTG TTG AAT GTT ATG CAG G 

SALK_058251_RP CAG GAT TTA TAT GCT AAC AGA GTT AAG C 

FLAG_205A06_LP TGG GTG AGT TAA AAG CAT TCG 

FLAG_205A06_RP ATG TGG CGT AGT TTT ACT GGG 

FLAG_395F03_LP AGC TCA TAC CCA TGA ATC TCG 

FLAG_395F03_RP TCA TCG AAT GGA AAA ACG AAC 

FLAG_497A02_LP CAT TGG TCT CGA GCT TCT CTG 

FLAG_497A02_RP GAT GGC ACA CTG TTT CCT TTG 

FLAG_269H08_LP CCC TCT TGG TGA AGT AGA GGG 

FLAG_269H08_RP TTC ATC ATA TTC ACT GGA TTG ATT G 

AT2G25450_LP CGG CTC TTC ACC TCC ATT TG 

AT2G25450_RP TCC TCC TAA TCC CGA AGC AC 

AT2G25700_LP CGT AAG GTC AAG AAG TCC ACT G 

AT2G25700_RP AGT ACT GCA AGA AAC ACG TTG A 

AT4G29640_LP TCT TCC AAG ACC CGT GCT AC 
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AT4G29640_RP GAC AGT TAT CGC GCT CCA TG 

AT1G73610_LP ACG GTA GAG ACT TTA TAG GTG GA 

AT1G73610_RP GCG AAA CAA ACA CCA GTC GT 

AT1G76500_LP GTT ACC ACT TAC GCT CGC AG 

AT1G76500_RP CCT TGA ACG CCG GAA AGA AA 

AT3G59010_LP CTG ATC CGA CCC GTA ATG CT 

AT3G59010_RP CAG AAG TAA CAG AGG CGG CT 

AT1G03445_LP TCT CCA AGC TGT GTT GTC CA 

AT1G03445_RP CCA ATC AAA GTC TTC GGC GA 

AT1G75900_LP ACC AGC ATA CCT AGA TCC GA 

AT1G75900_RP CTG CCT GCG ACC AAT AAG AA 

AT1G76290_LP CAC GAT TTC TCC TCC GCA TG 

AT1G76290_RP GAC AAG GAA GCC ACT GAA GC 

lncRNA_13468_LP AGC CTT TCT CTT TCT TCT TCC T 

lncRNA_13468_RP GAG AGA ACA TGT GGG TGA ACA 

lncRNA_17943_LP TGC TCT TAG AGT TAT TGT GG 

lncRNA_17943_RP CTT AAC AGA TTT ACA CGT CTC 

lncRNA_17992_LP AGC GAG AAG GAT CAG TTG GA 

lncRNA_17992_RP AGA TCC AGT GAA GAG GTC CG 

lncRNA_20351_LP TCC TGT CAT GCA AGA AAC CT 

lncRNA_20351_RP TGA CCA CCA TTG ACT CAC TCA 

lncRNA_32863_LP TGT TGT CAT GTT GAA ACT GTT GA 

lncRNA_32863_RP ACC ATC GAA GTA ACT CAC ACA T 

lncRNA_19163_LP TGA GCC TCT TCC TTC ACC AT 

lncRNA_19163_RP CAG ATG AAG AAG ACG ACG GTA TC 

lncRNA_528_LP TAG TTT TAT CGA CCG GAC CG 

lncRNA_528_RP CAA CAA AGG GTC CAC AAC TCA 

lncRNA_12840_LP AAC CCA AAG TGA GCC CTC TT 

lncRNA_12840_RP TCT TCT TTT ATG GCA GTT GGT CT 

lncRNA_13344_LP GGG CCA TTT AGT TGT CAG TCA 

lncRNA_13344_RP TAG CAC TAC CAT TCC ACG GA 

lncRNA_13393_LP AAC GCT CCA AAC AAT TAA TAT GG 

lncRNA_13393_RP ATA AGA TTT GTT TAG TTG AC 

 
 

8.1.3 Chapter 6: Maternal Control of Seed Size by a Long noncoding RNA 

in Arabidopsis thaliana. 

8.1.3.1 Table S1. Primers used in this chapter 

 

Primers Sequences (5’-3’) 

LINC.TCONS_2215_F GGA CGA GAA TTT GAC TCC ACG 

LINC.TCONS_2215_R ACC CTC TTT CTT GTT TCG TCG 
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exonAS.TCONS_244_F CCT TCA AGA TCT CTC CCG TC 

exonAS.TCONS_244_R TCA GAT CAC CCG ACA CTC TC 

exonAS.TCONS_1177_F GTG CTT TCT TGA GGG CTA CG 

exonAS.TCONS_1177_R CGA GGC CAT GAT CGC GGA AG 

LINC.TCONS_719_F CAG TAA AGC CCA TTG ACA AGG 

LINC.TCONS_719_R CGA TTG AGA GAG GGA CCG TG 

intronAS.TCONS_120_F TGC ACC TGA CAC TAT TCT GC 

intronAS.TCONS_120_R TTG GCG ATT TCC TGA GTT GC 

intronAS.TCONS_682_F TGG TGT TCG GAT GGT GTA TTG 

intronAS.TCONS_682_R CTA GGG TGA ATG CAT AGG GAC 

intronAS.TCONS_976_F CAA CAA CCA ACC AAA CCA CC 

intronAS.TCONS_976_R TGC AGC CTA ACC ATC TGT GAG 

intronAS.TCONS_1171_F AGC CTC AAT TCA CGG GTT AAC 

intronAS.TCONS_1171_R ACA GAA GCA AGG TCC CTC AG 

intronAS.TCONS_2182_F CCA TGG CCT CTT CAA CCA AG 

intronAS.TCONS_2182_R GTG TTG TGT CGA TCG TGC G 

intronAS.TCONS_2762_F TGG TTT GAG AAA GGA GCA CC 

intronAS.TCONS_2762_R CTT AGG TTA GGA GGG CAT TGC 

SALK_207384_F TTG AGG ACC AAG ATC CAC ATC 

SALK_207384_R TCT GCT CGG CTT TAT TTT CAC 

SALK_LB1.3 ATT TTG CCG ATT TCG GAA C 

exonAS.TCONS_1246_F GTG CTG TGC TCC ATG AAA GG 

exonAS.TCONS_1246_R GCT GCT CGT GTA GTT CTT GA 

exonAS.TCONS_1246_RT TTG GGT CGT GTC AAG GTT TG 

Sand (AT2G28390 )_F CAG ACA AGG CGA TGG CGA TA 

Sand (AT2G28390 )_R GCT TTC TCT CAA GGG TTT CTG GGT 

Actin1_F GTC TCG AGA GAT GAC TCAG ATC ATG TTT GAG 

Actin1_R GGC GCG CCA CAA TTT CCC GTT CTG CGG TAG 

Pdf2 - F TCC ACA GCT TTC TCC CTC AC 

Pdf2 - R CGG CTT TCT ATC ATT GCT CGT 

At3g12940_F TCT GCA ATC TCC TGA ACT CGT 

At3g12940_R TCA TCG TCC CTC AAT CCC AG 

Kluh - F GGT ACG GCA GTT TTG GGA TG 

Kluh - R TGA TGT CTT GCT TGG CTT GC 

mini3-F  ATC GCT GCA TTG TCT TCA CC 

mini3-R TCG TTG CAA TCT CTC CAG GA 

iku1-F GCC ACA GTC TCA TCC TCA GT 

iku1-R TCA TGA CCT GGC TGC ATT TG 

iku2-F GCT GCT AAA GGG CTG GAG TA 

iku2-R GCT TCT TCC CTG TCA CCA AC 

ttg2-F ATT CCG GTT GCA AGA GTA GC 

ttg2-R ATA CGC ATT GCC TCC TAC CA 

lincRNA9137_F GAT CGT ATG ATC CCC CGG ATT C 

lincRNA9137_R TAA ATG CAG ATC CCG GTG TAG G 
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linc_29066_F TGA AAG CAG GCA GTC AAA GG 

linc_29066_R CCC AGG TTC GAA ACA CAC AC 

linc_34938_F ACT TAT GTC GGT CGC TTT GTG 

linc_34938_R CCA ACC AAG CTC CAT CAA CC 

 
 

8.3.1.2 Figure S6. The cell size in the sub-epidermal cell layers of wild type 

and LNCRNA_1246 mutant 

 

 
 

8.2 Data Repository  

The empirical findings reported in this thesis are publicly available. This data is 

stored, maintained and updated if necessary, in my shared DropboxTM folder: 

 

https://www.dropbox.com/sh/ecfhx0osb3rh5up/AABhunEJ4 UwglRaC8jaCS7D

a?dl=0 

 

To contact me, please send an email to the following address:  

trungcnsinh@gmail.com 

 

Regards, 

 

Trung Do. 




